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Abstract

With the aim of improving the reliability and stability of the beams delivered to the nuclear
microprobe at iThemba LABS, as well as optimization of the beam characteristics along the Van de
Graaff accelerator beamlines in general, relevant modifications were implemented. The design and
layout of the beamlines were revised. The beam-optical characteristics through the accelerator,
from the ion source up to the analysing magnet directly after the accelerator, were calculated and
the design optimised, using the computer codes TRANSPORT, IGUN and TOSCA. The ion source
characteristics and optimal operating conditions were determined on an ion source test bench. The
measured optimal emittance for 90% of the beam intensity was about 50n mm mwad for an
extraction voltage of 6 kV. These changes allow operation of the Nuclear Microprobe at proton
energies in the range 1 MeV to 4 MeV with beam intensities of tens of a pA at the target surface.
The capabilities of the nuclear microprobe facility were evaluated in the improved beamline, with
particular emphasis to the characterisation of hard human calcium-rich tissue materials.

The process of demineralization in teeth erosion due to exposure to acidic media was investigated in
a group of test and control healthy human molar teeth. Samples were cut in cubes of ~2 mm side
prior to exposure for 20 h in a 3.6 pH solution. Analysis by micro-PIXE and proton-Backscattering
(BS) showed that the levels of trace elements (TE) were enriched and/or depleted according to
experimental treatment. The atomic ratios of major constituents in the matrix were characteristic of
test or controls with typical ratios: OsP;Ca,F, for tests and Q4P sCayFo s for controls. The correlation
between maps of Ca and Zn in and around the interface between dentine and enamel in control
samples showed two kinds of correlation strengths (for enamel and dentine). The strongest
correlation was related to the enamel area.

Two groups of human kidney concretions from South Africa and Sudan were compared in terms of
their matrix-phases as determined by XRD and proton-BS. Trace elements analysed by micro-
PIXE, Fe, Ni, Cu, Zn, Se, Sr and Br showed a possible linear relationship of the mean profile for
trace elements for each group of stones. Statistical analysis of micro-PIXE evaluated by
correspondence analysis showed that the plot could explain the formation of two clusters
corresponding to each the South African and the Sudanese stone groups.

With the aim to compare element content and spatial distribution within scalp hair-shaft cross
sections of two distinct human population groups, and to assess possible similarities and/or
differences, hair samples from Sudan and South Africa were collected. Proton backscattering and
Micro-PIXE were used to determine the matrix composition and content of light and middle
transition elements. Mapping analysis showed a relatively similar content distribution for S, Cl, K
and Ca within each group. However significant differences, particularly for heavier metals, such as
Fe and Zn were also found. Correspondence Analysis of the data showed a clear separation between
the two groups when the total content over the hair cross section was considered.
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SUMMARY

The ion beam probe characteristics such as, lateral resolution, chromatic aberration and
beam current stability are basic requirements for good nuclear microscopy. To be able to
deliver ion beams on target with the right conditions for micro analytical work in addition
to an optimal object, quadrupole lens and scanning coil set-up, the optimisation of
accelerator optics parameters is required to be able to obtain adequate operational
properties for the ion beam. Recently a new generation of ion accelerating machines,
designed for nuclear microscopy are provide with a better microprocessor control over
the optics of the accelerator. This on the other hand helps to maintain an optimal beam
probe for high resolution at target surface.

However there are still worldwide a substantial number of “old” accelerators which have
been used for more than 40 years for research development, particularly in the field of
nuclear microscopy. One of these machines is the iThemba LABS single-ended Van de
Graff electrostatic accelerator (manufactured by High Voltage in the sixties) at the
Materials Research Group. Due to increase in age, continuous break-downs and high
operating costs, management was faced with the difficult task and decision fo close down
this “old” VDG. However, iThemba management decided in 2001 to re-engineer it and
convert this “old machine” into a modern version of a High Voltage 6 MV vertical
accelerator, more capable of serving a nuclear microprobe facility. Coupled with physical
modifications to the different parts of the accelerating line it was required at first to do an
opfiraisation study on the beam profile optics to be able to determine the main constraints
for routine delivery of quality beams for nuclear microéCOpy operation.

Following previous studies of the VDG accelerator the present research work focused on
the optimisation of beam optics and the reliability and stability of the beams delivered to
the nuclear microprobe. Relevant modifications were implemented concerning the ion

source and the optical characteristics of the accelerator.
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Bench study and optimization of the ion source
The optimum operating conditions of a hot cathode duoplasmatron such as the filament

current, cathode and anode voltages and the gas flow under which stable beams can be

delivered reliably were determined:

® Optimization of the arc current
The beam current for different hydrogen ion species as a function of the arc current
was measured. Both the H," and H," current increased with increasing arc current
while the H;" current decreased with increasing arc current, arc voltage and source
temperature. At the higher ion and electron energy as well as at higher discharge
temperatures less recombination takes place. For high proton beam intensity the
source should be operated at a high arc current and arc voltage to minimize

recombination of protons with electrons and hydrogen gas molecules.

® Optimization of the beam current with the gas flow

The gas flow to the ion source was varied to determine the optimum condition for the
maximum proton beam current. Because there are no flanges available for pressure
gauges on the ion source and the gas flow was too low to be measured, the pressure in
the beam pipe of the test bench was measured and used as an indication of the gas
flow to the source. The beam current for different hydrogen ion species was measured
at an arc current of 1 A, a filament current of 25 A and an extraction voltage of 5 kV.

When the gas flow was increased the arc voltage decreases form 97 V to 81 V in
order to maintain a constant arc current of 1 A since the arc power supply is current

stabilized. Below a pressure of 6x 107 mbar the jon source becomes unstable.

® Optimization of the beam current with extracting voltage
The beam current for different hydrogen ion species as a function of the extraction
voltage showed that the source behavior is to a large extent in agreement with the
Child-Langmuir law. Furthermore, it indicates that the beam losses in the beam line
due to space-charge effects are small and only of importance for operation at low
extraction voltages For high beam intensity the source should be operated at the

highest possible extraction voltage without jeopardizing reliability of beam delivery

due to sparking.



o Emittance measurement
The emittance of the ion source measured at a voltage of 83 V, current of 1 A, a
filament voltage of 24 V and extracting voltage of 5 kV was (at 90% of the proton
beam intensity, 26 pA), 50.9 = mm mrad. This value was used to calculate the beam

transmission through the Van de Graaff accelerator.

Calculation of the optical characteristics of the VDG accelerator

For the calculation of the beam optics at the terminal section the program IGUN was used

because it incorporates space-charge effects. For the calculation of the beam optics

through the accelerator over its full length the programs TOSCA and TRANSPORT were

used:

e The beam profile in the high-voltage terminal
The operational voltages on the electrodes which are obtained by optimizing the beam
through the Van de Graaff accelerator were used to calculate the beam profile. In the
calculated beam profile the focal points of the beam coincide with the positions of the
two collimators, which is essential for good transmission through the machine. The
TOSCA results for the terminal section agreed well with the IGUN results.

o Accelerating tube up to analyzing magnet beam profile
Results from TOSCA were compared to the beam width which was measured at the
exit of the accelerator. The beam characteristics at the end of the terminal section,
were used as the starting condition for the accelerator. The results of the terminal

- section and the accelerator were then ~ombined to give an overall calculated beam

envelope from the ion source to the exit of the accelerator. These results were used to
adapt the accelerator electrode inputs for the program TRANSPORT in order to match
its results with those of TOSCA. In TRANSPORT the dimensions of the gaps between
the first few electrodes of the accelerator tube were modified to obtain similar
focusing conditions at the exit of the accelerator compared to the results of TOSCA.
In future TRANSPORT can be used for further calculations with these modified

lenses since with TRANSPORT the calculations are less time-consuming.
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Subsequent to the optimisation of beam optics, relevant applications to demonstrate the

capabilities of the nuclear microprobe at iThemba LABS were undertaken with emphasis

in the characterisation and spatial distribution of trace metals in hard human tissues such

as kidney concretions, teeth enamel and hair cross sections:

¢ Invitro teeth enamel-dentine interface exposed to acidic conditions
Information on the major components showed marked differences between controls
and tests particularly for O, P and F. Analysis by micro-PIXE showed that the levels
of trace elements were enriched or depleted according to the type of erosion treatment.
Mz{pping comparison showed that the structure of dentine and enamel is not uniform
with respect to the spatial distribution of trace elements and this may determine the
cause of teeth demineralization processes exposed to acidic media. A complementary
study of teeth enamel from a disadvantaged community in Gugulethu, Cape Town,
showed that in spite of high variability of the trace elements concentration the mean

value appear to be similar for all sub-groups (male, females, adult or children).

e Comparison of kidney concretions from two population groups
Two groups of human kidney concretions from South Africa and Sudan were
compared in terms of their matrix-phases as determined by XRD and proton-BS. The
concentration values of the trace elements analysed by pPIXE (Fe, Cu, Zn, Se, Br and
Sr) showed a linear trend when their mean was plotted for both groups of stones.
Statistical analysis of micro-PIXE data evaluated by correspondence analysis showed

the formation of two clusters, corresponding to each the South African and the

Sudanese stone groups.

o Analysis of hair cross sections
The main objective was to compare element content and spatial distribution within
scalp hair-shaft cross sections of this two distinct human population groups, and to
assess possible similarities and/or differences. Mapping analysis showed a relatively
similar content distribution for K and Ca within each group. However significant
differences, particularly for heavier metals, such as Ti and Zn were also found.
Correspondence Analysis of the data showed a clear separation between the two

groups when the total content over the hair cross section was considered.

vii



TABLE OF CONTENTS

Aknowlegments
Abstract

Summary

Tables of Contents.
List of Figures

List of Tables

Van de Graaff Beam Optics
CHAPTER 1

Motivation and Outline

1.1 Historical overview and introduction
1.2 Motivation for this study

1.3 Qutline of the thesis

CHAPTER 2

The accelerator facility at iThemba LABS
2.1 Thecyclotron facilities.

2.2 The Van de Graaff Facilities.

2.2.1 The Van de Graaff accelerator facilities.
2.2.2 The micro-beam facility.

CHAPTER 3

Mathematical Formalism for Beam Transport and Beamline Elements
3.1 Introduction.

3.2 The linear equations of motion.

3.3 The transfer matrices of some beamline elements.

3.3.1 Transfer matrix of a drift space.

3.3.2 Transfer matrices for a quadrupole magnet.

3.3.3 Transfer matrices for a bending magnet.

3.4  The beam ellipse and emittance.

viii

Page

1
v
viii
xiii

XXV

(YoRls N« A

10
10
11
16
15
16
18
22



3.5  The second-order equations of motion

3.6 Inclusion of Electromagnetic Lenses in the Computer Program
TRANSPORT. |

CHAPTER 4

Characterization and Optimization of the Operating Conditions of the

Van de Graaff Ion Sources

4.1 Introduétion.

4.2  The ion source test bench.

4.3 Thc hot-cathode duoplasmatron ion source.

4.3.1 The construction of the source and its operating principles.

4.3.2 Experimental results.

4.3.2.1 Optimization of the beam current by varying the gas flow to the
ion source.

4.3.2.2 Optimization of the beam current by varying the extraction voltage

4.3.2.3 Optimization of the beam current by varying the arc current of
the ion source.

4.4  Emittance measurements.

4.4.1 Experimental results of the emittance measurements.

4.5  The cold-cathode duoplasmatron ion source.

4,6  The Penning Ion Gauge (PIG) Ion source.

4.6.1 The construction of the source and its operating principles

4.6.2 Experimental results.

4.6.2.1 Optimization of the beam current by varying the extraction voltage.

4.6.2.2 Optimization of the beam current by varying the arc voltage.
and the pressure.

4.7 Conclusion
CHAPTER S

Upgrading of the Van de Graaff Accelerator

5.1 Inroudction

X

24

26

29
29
29
32
32
36

36
37

39
39
40
42
44
44
46
46

48

50

51
51



5.2

Layout of the van de graaff accelerator

5.3 computer programs for the calcuiation of beam characteristics

5.3.1 The computer program IGUN

5.3.2 The computer program TOSCA

5.3.3 The computer program TRANSPORT

54  Calculations of the optical characteristics of the van de graaff
accelerator

5.5 Modification of the van de graaff accelerator for higher beam currents
a wider energy range

5.5.1 Introduction

5.5.2 Beam transmission through the accelerator at terminal voltages
below 3 MV

5.5.3 Improvement of beam transmission through the accelerator at terminal
voltages below 3 MV and enhancement of the beam current

5.5.4 Results of measurements

5.6  Conclusions

Biomedical Applications using Nuclear Microprobe
CHAPTER 6

Theoretical Background on Nuclear Microprobe Applied to

Bio-medical Materials

6.1
6.2
6.2.1
6.2.2

Introduction
Particle-Induced X-ray Emission(PIXE).
Thick Target PIXE(TTPIXE).

Software for evaluation of pixe spectra

6.2.2.1 The Dynamic Analysis Method.

6.2.2.2 Dynamic analysis formalism.

6.2.2.3 Overlap resolved elemental imaging

6.2.3
6.3

Accuracy of the TTPIXE technique.
Rutherford Back Scattering (RBS) with protons.

52
57
57
59
60

63

64
64

65

66
67
70

71
71
72
74
80
83
83
85
85
88



6.3.1
6.3.2
6.3.3
6.34
6.3.5
6.4

6.4.1
6.4.2
6.4.3

Kinematics of the elastic collision.

Energy loss.

Rutherford backscattering cross sections.
Non-Rutherford backscattering cross sections.
Analytical capabilities.

Particle-Induced Gamma-ray Emission (PIGE)
Kinematics of nuclear reactions

Nuclear reaction cross section

Quantitative Analysis with y-rays emission

CHAPTER 7

Nuclear microscopy Experimental Techniques

7.1

7.2

72.1
722
7.2.3
712.4
7.2.5
1.2.6
7.2.7

Introductions

Nuclear Microprobe components

Van de Graaff Accelerator

OPTICS set up

Scattering chamber

Detectors

Scanning modes

Detection and data acquisition systems

Off-line data processing

CHAPTER 8

Applications to Microanalysis of Hard Human Tissues

8.1
8.2

8.2.1
8.2.2
8.2.3
8.2.4

Introduction

Elemental Mapping of Teeth Enamel-Dentine interface Exposed
to Acidic Conditions

Introduction

In vitro erosion simulation and measurements

Characterization of the hydroxyapatite stoichiometry

Discussion on total X-ray elemental analysis

X1

38
89
90
91
92
93
93
94
95

96
96
96
96
97
102
104
105
108
112

IS

115

118
118
119
121
123



825
8.2.6

8.2.7.
8.3

8.3.1
8.3.2
8.3.3
8.3.4
8.3.5
8.3.6
8.4

8.4.1.
8.4.2
8.4.3.
8.4.5.

Dynamic Mapping Analysis
Teeth enamel characterization from a low income population group at
Gugulethu, Cape Town.

Conclusion and Discussion.

Analysis of human kidney stones: comparison between two population

groups.

Introduction.

Concretions description and measurements methodology

p-BS and XRD spectrometry determinations.

u-PIXE determinations: results from total content

Elemental spatial distribution.

Summary.

Analysis of human hair cross sections from two different population
groups.

Introduction.

Samples description and nuclear microscopy measurements
Discussion on total content of metals found by both techniques
Discussion and conclusions.

Summary.

Appendix A: Input file for the IGUN Program for the ion sourc simulation.

Appendix B: Input file for the TRANSPORT Program from ion source to the

end of the accelerator tube.

Appendix C: Calculation of potential distribution in the nine regions.

References

x1i

127

130
134

136
136
138
141
145
150
153

155
155
157
158
164
166

167

169

174
181



Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5

Figure 4.1

Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

LIST OF FIGURES

Layout of the cyclotron facilities at iThemba LABS.

Schematic drawing of the Van de Graaff accelerator.

Layout of the Van de Graaff accelerator beamlines.

Layout of the beamline to the microprobe facility.

Moving coordinate system for the equations of motion with respect
to the central particle.

A cross section through the hyperbolic pole tips of a quadrupole
magnet,

Bending magnet with shaped entrance and exit pole edges for beam
focusing.

A two-dimensional ellipse in phase space showing the parameters
which are used to describe the ellipse

Section of homogeneous field with break points at the beginning and

end of the section.

Layout of the ion source test bench at iThemba LABS showing side
(left) and front (right) views.The dimensions in the figure are in
millimeters.

The ion source test bench at iThemba LABS.

Cross-section of the hot-cathode duoplasmatron ion source
showing:(1) thé cathode, (2) the intermediate electrode, (3) the
anode, (4) the magnet windings, (5) the filament power supply, (6)
the cathode power supply, (7) the 2.4 kQ intermediate-electrode
resistor, (8) the magnet power supply, (9) the coolant connections for
the magnet windings and (10) the gas inlet. The source has a
diameter of 130 mm and a length of 120 mm.

Typical electrostatic potential, V, and magnetic field, B, distributions
along the axis of a hot-cathode duoplasmatron ion source.

Measured beam current for different Hydrogen ion species as a

xiit

Page

=T e

12

17

21

23

28

30

31
33

34

37



Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

function of the pressure in the beam line of the ion source test bench,
for the hot-cathode duoplasmatron ion source, operated under the
following conditions: arc current = 1 A, filament current = 25 A,
extraction voltage = 5 kV. The arc voltage decreased.

Measured beam current (solid lines) for, different Hydrogen ion
species as a function of the extraction voltage, for the hot-cathode
duoplasmatron ion source and least- square fits (dotted lines) of the
Child-Langmuir law. The measurements were made under the
following conditions: arc current = 1 A, arc voltage = 83 V, filament.
Measured beam current for different Hydrogen ion species as a
function of the arc current, for the hot-cathode duoplasmatron ion
source, operated under the following conditions: pressure in the
beamline of the ion source test bench =10~ mBar, filament current =
25 A, extraction voltage = S kV.

The beam intensity distribution for the hot-cathode duoplasmatron
ion source.

The phase ellipse of the beam from the hot-cathode duoplasmatron
ion source with 90 % of the beam included in the ellipse. 90% of the
beam current is included in an emittance of 487 mm mrad The area
covered by the smaller dots represents the remaining part of the
beam. The emittance of 90% of the beam is 48 7 mm mrad..

The horizontal intensity profile of the proton beam from the hot-

cathode duoplasmatron ion source at the first slit of the ion source
test bench.

Cross-section of the cold-cathode duoplasmatron ion source with
permanent magnets for the Van de Graaff accelerator showing: (1)
the cathode, (2) the intermediate electrode, (3) the anode, (4) the gas
inlet (5) the anode power supply (6) the cathode resistor (7) the
anode resistor (8) the extraction power supply and (9) the extraction
electrode.

Total beam current as a function of arc current, for the cold-cathode

Xiv

38

39

41

41

42

43

44



Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 5.1
Figure 5.2

Figure 5.3

dupolasmatron ion source constructed with permanent magnets, at an
extraction voltage of 11kV for Hydrogen ions.

Schematic of a cold-cathode Penning (PIG) ion source showing: (1)
the top cathode, (2) the cathode through which the beam is

extracted, (3)the anode, (4) the anode power supply, (5) the opening
through which the beam is extracted and the direction of the
magnetic field B.

Cross-section of Van de Graaff Penning Ion Source showing: (1) the
top cathode, (2) the cathode through which the beam is extracted, (3)
the anode, (4) the coolant connection, (5) the anode power supply ,
(6) the magnet windings , (7 the magnet power supply , (8) an
Aluminium block with channels for cooling.

Measured beam current (solid lines) for different Hydrogen ion
species as a function of the extraction voltage, for the Penning ion
source and least- square fits (dotted lines) of the Child-Langmuir
law. The measurements were made under the following conditions:
arc current = 1A, arc voltage = 800 V, pressure = 4x10° mBar,
magnet power supply = 50 V.

Measured beam current for different Hydrogen ion species as a
function of the arc voltage for the Penning ion source.The
measurements were made under the following.

Measured beam current for different Hydrogen ion species as a
function of the pressure for the Penning ion source. The
measurements were made under the following conditions: extraction
voltage = 8 kV, magnet power supply =50 V. The arc voltage varied
between 800 and 900 volt.

The high-voltage terminal of the accelerator with the dome removed.
Layout of the ion source and the electrodes in the first section of the
high-voltage terminal of the accelerator.

Layout of the ion source and the electrodes in the high-voltage

terminal section of the Van de Graaff accelerator.

XV

45

47

48

49

49

53
54

55



Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Transverse beam dimensions in mm, in the high-voltage terminal
section of the Van de Graaff accelerator, calculated with the program
IGUN for a round ion source aperture of 3 mm diameter. The
potential differences between the electrodes in the figure are the
same as in the accelerator, but the absolute values differ. The ion
source, as well as the collimator after the Wien filter, is at zero
potential. The potential of the extraction electrode is 5285 Volt. The
second electrode of the first einzel lens is at 4705 Volt. The electrode
of the gap lens is at a potential of ~8325 Volt. The beam envelope up
to and through the second einzel lens is shown. The collimators
intercept some of the particles.

Beam envelopes calculated with the computer program TOSCA. The
trajectories of a number of particles with the same starting position
but different angular deviations are shown. The voltages on the
electrodes are the same as those which have been used with the
program IGUN in figure 5.4.

Beam envelope calculated with the program TRANSPORT. The
trajectories of two particles with the same starting position but
different angular deviations are shown. The voltages on the
electrodes are the same as that which have been used with the
program IGUN in figure 5.4 and TRANSPORT in figure 5.5

Beam envelope plots calculated with the program TRANSPORT
through the Van de Graaff accelerator tube. The calculations done
with TRANSPORT and TOSCA show satisfactory agreement.

The beam profile from the ion source to the exit of the accelerator,
calculated with the program TOSCA. The beam width and the
focusing condition of the beam at the exit of the accelerator agree
very well with the measured.

The beam profile calculated with the program TRANSPORT from

the ion source to the exit of the Van de Graaff accelerator. The gaps

- of all the einzel lenses, as well as the first few acceleration gaps of

XVl

58

60

61

62

65



Figure 5.10

Figure 5.11

Figure 6.1

Figure 6.2

Figure 6.3

the accelerator tube, were modified to yield the same beam profile as
that calculated with the program TOSCA.

The beam envelopes from the ion source to the exit accelerator, as
calculated with the program TOSCA, are numbered 1-6 correspond
to initial divergence values ranging from 20 to 2mrad, respectively.
A, B, C, and D indicate einzel lens 1, the additional lens, the gap lens
and cinzel lens 2, respectively. The effect of the additional lens B
can clearly been seen. The beam width and the focusing condition of
the beam at the exit of the accelerator agree very well with the
measured beam profile. The beam energy is 2 MeV at the exit of the
accelerator.

The beam envelopes from the ion source to the exit accelerator, as
calculated with the program TOSCA, are numbered 1-6 correspond
to initial divergence values ranging from 20 to 2mrad, respectively.
A, B, C, and D indicate einzel lens 1, the additional lens, the gap lens
and einzel lens 2, respectively. The additional lens B is not switched
on. The effect of the additional lens B can clearly been seen. The
beam width and the focusing condition of the beam at the exit of the
accelerator agree very well with the measured beam.

Schematic illustration of the origin of the Ion Beam Analytical
Methods. Proton Induced Gamma-ray Emission (PIGE),
Rutherforford Béckscattering (RBS), Proton Induced X-ray Emission
(PIXE), Scanning Transmission Ion Microscopy (STIM), Scanning
Electron Imaging (SEI), and Ionoluminescence (IL) [But97].
Relationship between the transmission fraction and the energy of Ko
X-rays for elements with 20 < Z < 38 going through Al (102 pm) and
Be (125 pm) absorbers. Note that although the threshold for X-ray
transmission occurs at ~6 keV elements with X-ray energies lower
tha this value may be detected at appropriate beam currents.

The variation with the energy of K, X-rays of the sensitivity factors,

K(Z) for proton bombarding energies Qf 1,2,3 and 4 MeV [Pin92).
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Figure 6.4

Figure 6.5

Figure 6.6

Figure 7.1

Figure 7.2

The variation of F(Z)-values with the K, X-ray energy for the
bombardment of carbon-rich materials with protons between 1 and 4
MeV [Pin92].

Flow of data manipulation through the GeoPIXE code. Basic input
information: databases, initial matrix composition and spectrum data, are
used by the main sub-programs, LAYER, PIXE-FIT and FLASH. Final

report of elemental concentration is given by GEO_TRACE (diagram
modified from original [Ray90b]).

Typical experimental geometry for RBS and example of spectrum
response from a target composed of two atom phases A and B with
atomic fractions m and n. D = annular silicon surface barrier

detector; £2 = solid angle (mSr); E,= incident proton energy at
surface; £, proton scattering energy; &= scattering angle; t is the

thickness of the thin compound deposited onto a thick substrate; X is
a depth at which the detected proton is scattered.

Sectional side view of the VDG accelerator showing a cross section of
the vertical layout from ion source to switching magnet and a top view
of the experimental lines, including the microprobe at 0°; I: hot-cathode
duoplasmatron ion source; Qy: is the condenser; M: analysing magnet;
Q;: quadropole set; Cy, C;: set of collimators; S: switching magnet; O:
object slits; TQ: set of triple quadruple lens.

Hlustration (not to scale) of the location of the beam on demand
deflection system (ODDS) with respect to the target-material (9),
situated at the center of the scattering chamber (8). Other
conventions are: p is the incoming proton beam; (1) is the beam pipe
through which the beam pass; (2) are the deflection plates; (3) is the
beam-dump; (4) is the antiscatter slit; (5) the scanning coil used to

scan the position of the beam over the target surface; (6) are

quadrupole lenses for focusing the beam; (D) is the Si(Li) detector .

and (P) the detector preamplifier. The plates have a length of 40 cm

- and are situated 2 meters from the specimen
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Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Linear relationship of the beam on-demand voltage-applied to the
deflection plates v.s. proton energy.

Photograph showing the layout of the nuclear microprobe (NMP)
system, H is the halo slits, S is the scanning coils used to position the
beam probe on the specimen surface, LN is the container for cooling the
Si(Li) detector used in the detection of X-rays, Q the set of quadrupole
lenses, used in the focusing of the beam, M the optical microscope for
viewing the specimens, C is the nuclear microprobe scattering chamber

and SC is the sample change mechanism.

Top cross-section view of the NMP chamber. SV is the specimen view
port, M the microscope, B the incoming beam, CB the collimator
preventing the reflection of beam, AR the suppression ring, SP the
specimen, SS the silicon surface barrier detector, CS the collimator
preventing the beam from being reflected on the surface barrier
detector, S the Si(Li) detector, SL the Si crystal, SW is the Si(Li)
detector window, FW the filter wheel and FS the shaft for changing
filters FWV the view port for the filter wheel GV a view port and GD is
the y-ray detector.

The scanning process: the beam probe moves along each XY
directions from pixel to pixel with a dual time of 10 ms. At each
pixel X-ray, scattered protons and gamma-ray signals are detected.
Evaluation of each spectrum by GeoPIXE II is done using the DA
method (for X-ray) and gating (BS and PIGE).

Schematic diagram of the nuclear microprobe highlighting the main
components involved in the focussing, scanning and data acquisition
processes.

Schematic diagram of the electronic interface for theiThemba LABS
nuclear microprobe. The main circuit is for the X-ray signal. The

detection of the scattered protons and gamma-rays are indicated in

-green and blue respectively.
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Figure 7.9

Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7
Figure 8.8

Nlustration of the signals emitted during the specimen irradiation. Pre
Amp represents the signal from the pre-amplifier, ICR the signal from
the incoming counting rate unit, SA the signal from the spectroscopic
amplifier and AD the analogue to digital converter signal. The signal for
the ICR is the faster as it is processed in time duration of 150 to 200
nanoseconds. The spectroscopic amplifier transmits the signal only after
90% is processed and the time duration is about 60 ps. the AD
processing times takes about 20 ps. The total time then is about 80 ps.
Basic model for the process of erosion in teeth, highlighting the main
steps leading to the de-mineralization of the surface and sub-surface
of the enamel

Diagram showing the way in which the teeth sections (size ~2 x 2
mm?) were extracted as well as an optical photograph of the
specimen surface prior to analysis.

Optical micrograph of a tooth section though the interface enamel-
dentine showing some fractures in a transversal direction to the plane
of the interface

Comparison of backscattering spectra for an enamel control and test
specimens showing the edge inflexion point for each element. E, =
3.0 MeV. Accumulated charge was ~5 uC.

Simulation of backscattering spectrum for a thick enamel control
specimen shéwing enzrgy location for each element. E, = 3.0 MeV.
Accumulated charge was ~5 uC.

Extracted X-ray spectra by GeoPIXE II, showing the elements
detected on a control and test enamel. Total deposited charge per unit
area was ~ 0.025 nC.p.m'z.

Same as Figure 8.6 but for the case of dentine.

Ca and Zn mapping distribution in a dentine control sample
irradiated over an area around the interface enamel-dentine. The
similarity between the maps of both elements is shown on the left of

the figure. This is expressed as two types of distributions, each
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Figure 8.9

Figure 8.10

Figure 8.11

Figure 8.12

Figure 8.13a

Figure 8.13b

Figure 8.14

Figure 8.14a

associated with either the dentine or the enamel regions. These are

indicated by different gray scales on the right side maps. The trend
of the interface boundary is also visible. The weakest correlation
corresponds to that of the enamel region.

: Quantitative maps of Zn for the same dentine control sample shown
in Fig 8.8. The interface enamel-dentine is clearly visible. The
rectangular shape highlighted over the map was used to extract the
traverse profile by GeoPIXE II.

Linear traverses as indicated in Figure 4extracted from maps of
selected elements over the same area of Figure 4. Concentration
levels (in pg.g") are shown for the enamel and dentine region. The
arrow indicates the position of their interface.

Calcium oxalate kidney stone formation model showing the rate of
phase development with pH of supersaturated solution. (APA:
Apatite; STR: Struvite). Temperature, pressure and lack of inhibitors
such as citrates are also critical in the nucleation stage [Wan86).

A South African calcium oxalate calculi (left side) exhibiting the
three phases COM, COD and COT. Sudanese were mostly oxalates
with some showing an uricite structure at the core (right side).

A Sudanese calculi flat surface after cutting through the core with a
diamond saw. Two halves were obtained: one used for PIXE and p-
BS, and the other one for powder XRD spectrometry.

Micrographs of some of representative calculi for the South African
(SA) and Sudanese (S) groups. The size is indicated by the scale bar
and the white arrow is pointing to the nucleation region, where
analyses were normally performed.

Main steps in the methodology for characterization of the kidney
stone concretions. Correspondence Analysis (CA) provides a tool for
cluster classification according to region.

Comparison of p-BS spectra for a calcium oxalate South African

(2240A) and a wuricite Sudanese (S5). calculi analysed at the core.
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Figure 8.15

Figure 8.16

Figure 8.17

Figure 8.18

Figure 8.19

Figure 8.20

Figure 8.21

Figure 8.22

Notice the presence of N in the Sudanese stone

XRD spectrum of a Whewellite-Weddellite (COM-COD) type
sample (2240 from South Africa; see Table 8.6) and an Uricite type
(4 from Sudan; see Table 8.6).

XRD spectrum of a Whewellite type sample (S5 from Sudan; see
Table 8.5) showing the presence of two different monoclinic phases:
Type A and B in the figure. Diffraction lines in the region around 50
degrees are also type A.

The atomic ratios for stone S6 (Sudan) found by p-BS (at the core)
point out to a N-rich type matrix. For comparison the COM phase
found by the XRD analysis at the outer core is shown. The opposite
occurred for the stone S3.

PIXE spectra obtained with 3 MeV protons and a Hp(Ge) detector
(see details in section 7.3) on South African and a Sudanese stones.
A 102 pm Al absorber was used to reduce the high intensity signal
for the Ca K-lines. The pile-up and Ge escape peak profiles are also
shown in the figure.

Histogram of the elemental concentrations (pgg'l) at the core for the
two kidney stones series. Notice the high levels of Fe and Zn for
some Sudanese concretions (S1, S3) and South African (23024,
2240B). Sample 4 (an Uricite matrix) showed elevated levels of Sr.
Plot of the mean value trace elemental profile for both the South
African and Sudanese concretion groups. A type of linear
relationship governs the relationship with two types of distributions:
I and II. The position of Mn, Ni and Pb do not play a major role in
the definition of the two.

Correspondence Analysis of the first two axes for the two groups of
kidney stones from Sudan (D) and South Africa (S). Stones from
South Africa are clearly clustered into one group. One outlier (S) has
elemental profile that resembles mostly the sub-group 1 from Sudan

Variation of the matrix correction factor I(Z) with the X-ray energy
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Figure 8.23

Figure 8.24

Figure 8.25

Figure 8.26

Figure 8.27

Figure 8.28

in PIXE analysis. The X-ray yield Y(Z) involved in the calculation
of the matrix transform during the method of Dynamic Mapping is
heavily dependent on the localised matrix composition. This
dependence is greatly influenced as well by the quality of database
available.

Elemental maps for Ca, Fe, Cu and Zn obtained by the method of
Dynamic Analysis (DA) for sample S3 - Sudanese kidney stone at

the core (Matrix composition Uricite as determined by XRD). Areas '

scanned were 128 x 128 pixels. Lateral beam resolution was ~2 pm.
Total accumulated charge was 0.5 uC.

Elemental maps of Ca, Zn and Sr for samples S2 (Sudan), 2240 and
2302 (South Africa). Note the similarity in spatial distribution for the
SB2 and the 2302 sample. Experimental conditions were as in Figure
8.23.

Linear traverses (right) for elements Fe, Cu, Zn and Sr as extracted
from maps of selected micro-regions at the core (left) for two stones
samples. Concentration levels are in pg.g™'. The Sudanese stone (up)
appear to have a Zn and Sr max at about 550 pm while the South
African stone (down) have max for Fe and Zn to a lesser extent.
Small arrows show the location of other possible maxima.

Elements pathway for absorption by the human body and
accumulation in hair shaft. A threshold barrier B for every channel of
absorption is defined: Ingestion; Skin [Fir95]; Lungs [Vil93].
Accumulation in the cuticle, cortex and medulla can be visualised
well by micro analysis of hair cross-sections by DA methodology
(see lower lefi side).

Typical p-BS spectra from a South African (up) and a Sudanese
{down) hair cross-section. The total spectra show a similar trend in
both groups with atomic ratios C70q¢N2Se.; and CgOo7N2S¢;1 for the

South African and Sudanese samples respectively.

Elemental profile for S and Ti for both series of hair samples. The
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Figure 8.29

Figure 8.30

Figure 8.31

Fogure 8.32

mean S ratio S(S)/S(SA) = 1.8 while that for Ti is 14. Sample S4
appear to have a similar Ti concentration as the South African group
Elemental profile for Zn and Sr for both series of hair samples. The
mean Zn ratio Zn(S)/Zn(SA) = 2.1 while that for Sris 5.

Maps of sulphur and calcium for a typical Sudanese (left) and South
African (right) hair cross-sections. The range values in all three areas
(cuticle, cortex and medulla) are indicated in the figure. Note the
inverse correlation of these two elements in the medulla region.
Sulphur appears to be distributed similarly in both samples.

Same as Figure 8.30 but for zinc and strontium .The range values in
all three areas (cuticle, cortex and medulla) are indicated in the
figure. Ti is present in all three sub-regions with a higher level
(0.1%) in the medulia.

Correspondence Analysis plot of elemental concentrations data
obtained for Sudanese and South African groups for dimensions 1

and 2. Noticehe tight clustering of the Sudanese group
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standard deviation (STD) and relative error. The ratio related to sex or

age is also given.
Table 8.6 Trace elemental concentrations as determined by micro-PIXE in pg.g' 148

for the two South African andSudanese groups. A set of sub-groups from
Sudan (A and B)collected from population leaving in different regions of
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CHAPTER 1

MOTIVATION AND OUTLINE

1.1 HISTORICAL OVERVIEW AND INTRODUCTION

In the early nineteen sixties the main accelerator in South Africa was the locally built fixed-
frequency cyclotron [Bur58, Bur60] at the Council for Scientific and Industrial Research
(CSIR) in Pretoria. The cyclotron was originally designed and built to accelerate alpha particles
to 32 MeV, deuterons to 16 MeV and protons, as singly charged hydrogen molecules, to 8 MeV
and was mainly used for nuclear physics research and the production of radioisotopes for
medicine and industry. Subsequently it was upgraded to a variable-energy machine capable of
accelerating protons, deuterons, alpha particles and Helium-3 in the enex:gy ranges 5.8 to 15.2

MeV, 11.5 t0 17.3 MeV, 23 to 34.6 MeV and 18 to 37 MeV, respectively [Bot70].

At about the same time the late Prof. P.B. Zeeman, at that stage head of the department of
Physics of the University of Stellenbosch, took the initiative to acquire an accelerator for the
Western Cape. As a result the Southern Universities Nuclear Institute (SUNI) was established
near Faure to provide facilities for nuclear physics and solid-state physics research for the
Universities of Stellenbosch and Cape Town. The newly created institute bought a 6 MV Van

de Graaff accelerator from the company High Voltage Corporation in the United States of
America. '

In the early nineteen seventies it became clear that the then existing accelerator facilities in
South Africa no longer met the requirements for nuclear physics research and the production of
radioisotopes. Mainly as a result of the initiative of Prof. W.L. Rautenbach, then head of the
Nuclear Physics Division at the CSIR, the design of a new cyclotron was started. At the same
time radiotherapists in South Africa were considering the acquisition of a cyclotron for particle
radiotherapy. To make optimum use of available funds physicists and radiotherapists decided to
establish the National Accelerator Centre (NAC) on a site adjacent to SUNI and to build a 200
MeV separated-sector cyclotron as the main accelerator [Abi75, Tec76]. In due time SUNI was

incorporated in the NAC, which has been renamed as iThemba Laboratories for Accelerator



Based Sciences. iThemba LABS provide beams of accelerated charged particles and facilities
for particle radiotherapy, basic and applied nuclear physics research, ion beam analysis, solid-
state and materials research and the production of radioisotopes for nuclear medicine and
industry [Sto01]. A wide variety of beams are delivered to users by three cyclotrons: a 200
MeV separated-sector cyclotron with two solid-pole injector cyclotrons for acceleration of high-
intensity beams of light ions and acceleration of heavy and polarized hydrogen ions, as well as 6
MYV Van de Graaff accelerator.

A valuable addition to the research facilities at the Van de Graaff accelerator was the nuclear
microprobe, which was installed during 1991. The microprobe was obtained from the company
Oxford Microbeams [Oxf90] Although the facility has proved to be extremely useful for the

analysis of micro samples from a wide variety of fields its full potential could not be exploited

due to limitations in the quality of available beams.

In order to improve the quality and intensity of the beams delivered to the microprobe facility
and other users equipment the design of the beamlines, which dates back to about 1995, has
recently been analyzed, using the latest computer programs for beamline and magnet design,
and several modifications are at present in progress. Therefore, it was decided on January of
2001 to develop a plan to upgrade and optimize the different components and parameters from
ion source to switching magnet at the VDG accelerator with the purpose of improving the
delivery of higher current and stable focused beams for the purpose of Nuclear Microprobe
analysis of a wide variety of sample materials with different experimental requirements,
translated in real terms on current ranges at target surface of the order of 10s of pA fora 1-3 pm

proton beam size.

1.2 MOTIVATION FOR THIS STUDY

Although the recent study of [Mai02] the Van de Graaff beamlines lead to significant
improvements, the Van de Graaff accelerator itself and its ion source have not been included in
the study. Past experience with operation of the accelerator suggests that design of the
electrostatic lenses, immediately below the ion source, has not been optimized and that it may
be worthwhile to improve the design. The beam intensity available at the microprobe facility is

in spite of recent improvements limited to only 0.1 nA for a beamspot size between 1-3



microns.

The main objectives of this study are therefore to determine the characteristics and
optimum stable operating conditions of the ion source and to calculate the beam behavior
in the Van de Graaff accelerator to determine the limitations on the quality and intensity
of the beams delivered to the users, and especially to the nuclear microprobe facility.
Since the early nineteen sixties computers and computer programs for orbit calculations
in accelerators and beamlines have developed dramatically and it may now be possible to
improve on the existing designs with the latest available calculation techniques. The
beam characteristics at the entrance to the microprobe facility will be determined and

compared with those before modifications were made to the accelerator and its ion source
1.3 OUNTLINE OF THE THESIS
The accelerator facilities at iThemba LABS are briefly described in chapter 2. Chapter 3

is an outline of the mathematical formalism for transport calculations and beamline
elements. In chapter 4 the results of measurements on the Van de Graaff ion source and
the beam emittance measured in an ion source test bench are presented. The computer
programs TRANSPORT, TOSCA and IGUN and their application to the calculation of
particle paths through the Van de Graaff accelerator as well as modifications for
improvement of the beam quality and intensity are treated in chapter 5.

The last three chapters deal with biomedical applications of protons microscopy Chapter
6 gives a general review of the theoretical background on Nuclear Microprobes,
description of techniques used in proton microscopy such as PIXE, pBS and PIGE as
well as the software used for deconvolution .of spectra, particularly PIXE data. Chapter 7
presents an overview of the experimental conditions and currently accessible techniques
at the nuclear microprobe facility this includes the optics set up from object to target and
the algorithm by dynamic analysis up to the dynamic mapping on hard human tissues.
Chapter 8 deals with applications of proton microprobe in the characterization of human
hard tissues such as kidney concretions, teeth dentine and enamel and scalp hair cross
sections. Appendix A and B show an example of the IGUN and TRANSPORT programs
input information used for the beam optics optimization of the VDG accelerator this
includes the mathematical equation solution to the Poisson’s equation which is shown in

appendix C



CHAPTER 2

THE ACCELERATOR FACILITY AT ITHEMBA LABS

2.1 CYCLOTRON FACILITIES

The wide range of applications of accelerated charged particle beams for which the cyclotron
facilities were originally planned necessitated the unique désign of the accelerators and the
layout of the facilities shown in figure 2.1. For nuclear physics research beams of light and
heavy ions, as well as polarized hydrogen ions, with variable energy up to a maximum of 200
MeV for protons were required. The 200 MeV beam would also be suitable for proton therapy.
For the production of radioisotopes and neutron therapy 100 x A and 30 1 A beams of 66 MeV

protous were, respectively, planned.

The main accelerator, the 200 MeV separated-sector cyclotron (SSC) [Rau75, Jun75, Bot75],
was chosen for the good extraction efficiency of such machines due the high dee voltages, more
than 200 kV, which can be obtained with the dees in the open spaces between the magnet
sectors. Because there are no high voltage elecirodes between the magnet poles the pole gaps
can be made small thereby increasing the azimuthal modulation of the field which results in
excellent vertical beam focusing in spite of the radial increase in the average field. The small
pole gaps also allow an isochronous magnetic field up to the extraction radius, which results in
‘ sharp bearr;s with low energy spread over the whole radial extent of the cyclotron, and a sharp
drop off in the magnetic field beyond the extraction radius. This alleviates extraction of the
beam, which is done with septum magnets for which ample space is available between the
sector magnets. The SSC has four sector magnets with a sector angle of 34 degrees and two
half-wave resonators, which can be tuned over the frequency range 7 MHz to 27 MHz. The
maximum dee voltage of 230 kV results in an energy gain of almost an MeV per tumn. By
measuring the beam phase with a capacitive probe and tuning the 28 trim coil power supplies
the magnetic field can be made isochronous to such an extent that particles remain to within a

few degrees in phase with the dee voltage.
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The beam is injected with two bending magnets, a magnetic inflection channel and an
electrostatic channel and is extracted with two septum magnets. Because the sector magnets
and resonators of a separated-sector cyclotron cannot, due to space limitations, extend to a too
small radius, one or more pre-accelerators are required. In the case of the SSC two K=8 solid-
pole injector cyclotrons (SPC1 and SPC2) [Dut87, bot87a, Bot87b, Dut95] are used for pre-
acceleration. SPCI1 operates with an internal Penning Ion Gauge (PIG) ion source and delivers
high-intensity beams of light ions [Con92] for injection into the SSC. For the pre-acceleration
of heavy and polarized hydrogen ions SPC2 is used. The Electron Cyclotron Resonance Ion
Source (ECRIS) for heavy ions and the ion source for polarized hydrogen ions are extemal to
SPC2. Apart from the ion sources and the axial injection system in SPC2, the two-injector
cyclotrons are in many respects similar, if not identical. For instance both have four sector
magnets and two ninety-degree dees connected to quarter wave resonators and in both cases

beam is extracted with an electrostatic channel and two septum magnets.

As shown in figure 2.1 the beam is guided from the injector cyclotrons to the SSC and from the
SSC to vaults for the production of radioisotopes, particle radiotherapy and nuclear physics

experiments along beamlines that consist mainly of quadrupole and dipole magnets.

2.2 THE VAN DE GRAAFF FACILITIES

2.2.1 THE VAN DE GRAAFF ACCELERATOR FACILITIES

The 6 MV Van de Graaff accelerator, shown schematically in figure 2.2, is a high precision
variable-energy machine, capable of accelerating light and heavy ions to energies between 0.5
and 20 MeV with an energy spread of less than one part in 10000. The accelerator, which is in
operation since 1962, is used mainly for materials and solid-state physics research in
collaboration with the universities and technikons, as well as local and intemational
laboratories. The facilities at the Van de Graaff accelerator are for atomic and solid-state
physics' and the application of nuclear analytical techniques in ion beam analysis and materials
sciences. Research projects use accelerated particles for identification and quantification of
elements in microelectronics, archaeology, geology, super-conducting materials, optical and

new materials. The layout of the beamlines to the different users areas is shown in fig. 2.3 and
2.4.



Iacilities for targel manufacture. surface preparation mnd radioactivity counting are available
Radioactive tracers and nuclear lechniques are ulilized in basic and applied investigations. Data

acquisition and analvsis are fully computerized.
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Figure 2.4: Layout of the beamling to the microprobe {acility

2.22 THE MICRO-BEAM FACTLITY

The high-brnghtness scanning nuclear nucroprobe, of which the layout 15 shown in figure 7.7,
has a resolution of less than 1 micren and cnables researchers to obsceve, 1dentify and measure
precise guantiies of trace elecments, as well as more abundant clements, in the samples from
many difficrent ficlds. The faeitity has boen operational since 1991 and is utilized especially in

geology and matenals seicnces.

Nuclear nucroprobes have been used in biological sludies since the early 1970s. In most cases
1-4 MeV proton beams are used and often these facilities arc descnbed as proton microprobes.
One of their strengths 1s the possibility of the simultancous usec of a uumber of 1on-bascd
tochrigues using various mncident particles (proton, alpha particles) in the MeV cnergy range
Typically particle induced X-ray cmission (PIXE)} is used togetber with Rutherford
backscattering spectrometry (RBS) and scanning transmission nucroscopy (STIM) or secondary

clectron microscopy (SE) at 1Themba LABS | Pre99],



CHAPTER33

MATHEMATICAL FORMALISM FOR BEAM TRANSPORT
AND BEAMLINE ELEMENTS

3.1 INTRODUCTION

Beams of charged particles emerge from ion sources and accelerators with positional and
momentum spreads in both the longitudinal and transverse directions and have therefore to be
focused, in addition to being directed to the intended ‘destination, with electromagnetic fields.
In beamlines between accelerators and between accelerators and external targets quadrupole
magnets are the most often used for beam focusing and dipole magnets for changing the beam

direction, although dipole magnets can also be designed to contribute to focusing.

Instead of calculating and studying the paths of a large number of individual particles,
representative of the beam, through the complicated fields of beamline elements it is for many
purposes sufficient to calculate only the path of the central particle with the desired energy and
zero transverse momentum and positional deviations and to calculate and present the behavior
of particles with deviations in energy, position and transverse momentum, with respect to the
central particle, through the beamline, in phase space. This has the advantage that only bounded
regions in phase space have to be considered, rather than following a large number of
trajectories [Lic69]. Phase-space trajectories do not cross each other and phase-space points
thet are initially bounded remain so, because of Liouville’s theorem [Gol80], throughout the
beamline. It is therefore only necessary to know the behavior of the boundary of the beam in
phase space.

Beam behavior in accelerators and beamlines is generally described in the six-dimensional
phase space. The six dimensions are the transverse (horizontal and vertical) position deviations
and divergence, the longitudinal position and energy deviations with respect to the central
particle. In the remaining part of this chapter the description of a beam of particles in six-
dimensional phase space and the influence of beamline elements such as quadrupole and dipole
magnets are discussed. The mathematical formulation of beam transport elements and systems
has been described in several reports. The formulation by Carey [Car87] is followed below to

derive first the linear equations of motion and their application to drift spaces and quadrupole
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and dipole magnets, and then to derive the second order terms in the equations of motion.

3.2 THE LINEAR EQUATIONS OF MOTION

In the following vector differential equation of motion, for a charged particle with velocity v
and charge q in a static magnetic field B, the time rate of change of momentum is given by the
Lorentz force:
p=q(v*B) 3.1

The Lorentz force is always perpendicular to the direction of motion and the magnitude of the
momentum remains constant. A new moving coordinate system, defined in figure 3.1, whose
origin is always on the trajectory of the central particle, is now introduced to eliminate time
from equation 3.1. The new coordinates X, y, and t specify the position of an arbitrary particle
with respect to the central particle in the horizontal, vertical and longitudinal directions,

respectively. In the new coordinate system the equation of motion becomes:

— (3.2)

Where the vector T and the scalar t indicate the position and path length of an arbitrary patticle,

respectively. The unit vector tangent to the particle trajectory is %‘-:— The three mutually

perpendicular unit vectors %, §, t along the three coordinate axes satisfy the following

relations:

o
i

yx

o~

(3.3)

™ ey
i

fx
xx

et

The derivatives of the unit vectors with respect to t are given by:

"= ht

"=0 3.4
t' =~hX

where h, the curvature of a trajectory, is defined as the rate of change of direction with respect

ety p>
]

>

to path length. The curvature h(t) is also the reciprocal of the local radius of curvature poof the
central trajectory. The term pd6 for the azimuthal distance in cylindrical coordinates takes the
form (I+hx), where (I+hx) indicates the relative sizes of p and po. The differential line element

along an arbitrary trajectory is given by:
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dT =%dx+§dy+(1+hx) t di (3.5)

CENTRAL TRAJECTORY
{fles In magnetic midplona)

MAGNETIC MIDPLANE

Al

Figure 3.1: Moving coordinate system for the equations of motion with respect to the
central particle

The two transverse components of the equation of motion now become:

¥ —h(l+hx) = L1+ ) y'B, - (1+ k%) B, ]
p (.6)
v =L+ h)[A + hx)B, - ¥'B,]
p

For the central particle x and y as well as their derivatives are equal to zero and the following

equation is obtained:

h=-Lp,(00t) or Bp=% (3.7)
Po q
In any region of space containing no electric currents, the field of a static electromagnet can be
expressed in terms of a scalar potential @ so that:
B=V® (3.8)
The usual minus sign is here considered as included in the potential ®. Because of the nid-

plane symmetry the field component is the y-direction, which is obtained by differentiating the
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potential with respect to y, can only contain constant and even powers in y. An expansion of
the scalar potential ® in a power series should therefore only contain uneven powers is .
Furthermore, the only terms that contribute to the first-order equations of motion are at most

linear in x and y. Therefore only up to quadratic terms in @ are considered:
®(xyt)=Awy+Auxy (3.9)
where the coefficients 4, and 4, are functions of t. The two coefficients can be chosen

independently because only in second and higher orders does Laplace’s equation impose

relationships among the coefficients. The components of the magnetic field are then given by:

B (x, vty =— —Any
B (x, y,t)- -A10+A, X (3.10)
B( X, ),t)= (1+ hx) o1 —Amy (An hA;o)xy

The coefficient 4,, can be expressed in terms of a dimensionless parameter » so that:

hp,
Ay =22
q
(3.11)
Ay =-hApn

The field index »n is given in terms of the vertical magnetic field component by:

nz[ 1 (‘9’3 H _g (3.12)
hB \ Ox =0

The expressions for the compdnents of the magnetic field from equations 3.10 and 3.11 can now

be substituted into the equations of motion. A new quantity d = sp , the fractional deviation of
Py

the momentum from that of the central trajectory, is defined by:

p=p,(1+6) (3.13)

By making use of the equation of motion for the central trajectory and by retaining only terms
of first order the following equations are obtained from equations 3.6:
"+(1-mh*x=hé
xX"+(1-n)h"x (3.14)
Y +nk’y=0

The general solution of the differential equations 3.14 for x and y as functions of t can be
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written in terms of sine-like functions, s,(t) and sy(t), cosine-like functions, c,(t) and c,(t) and
their derivatives as well as a dispersion function d,(t):
x(t) = x,c, (1) + x5, (1) + 6d, (1)

3.15
E) = yoe, () + s, (1) G139

1 1] . « e w ® N » .
where x,,x,,¥,,, are the respective initial values. The sine- and cosine-like functions are

solutions of the homogeneous equations. The function d,(#) is a particular integral of the first

of equations 3.14 and can be obtained by means of Green’s function G [Bar89, Mat65]:

G(t,7) = s(t)e(r) - c(t)s(r) (3.16)
d (t)=s,0) ]cx (ryha(r)dT —c (1) ]sx (D)h(z)dt (3.17)

Using equations 3.14 the solutions for x,x',y, and y' can be expressed in terms of the
following matrix equations:

(x()) [ex(® s.(0) .0 (%

X@O) =l ) 5@ 4@ || %

o 0 0 1 o (3.18)

¥ (6,® @) ) % )

y®)) \e@® s, )\,

The total transfer matrix R, for a beamline is obtained by multiplication of the matrices

R1,Rz,...Ry, for the individual segments of the beamline:
R(T)=R,...R,R, (3.19)
The full six by six transfer matrix for linearized motion in a static magnetic system with mid-

plane symmetry now becomes:

x)) (R, R, O 0 0 Re) (%)

X@®)| |{R, R, O 0 0 R, 5

y@o |_|o 0 R, R, O 0 Yo (3.20)
ye| |o 0 R, R, O 0 Yo

(1) R, R, O 0 1 R, | |4

o)) \o 0 0 0 0 1 &, )

Since particles in the median plane experience no force in the vertical direction the matrix
elements Rs;, Rsz Ris, Ris, Res, Raz Rys, Rys are zero. Because only static magnetic fields and
no electric fields are considered the particle energy remains constant. Rg;, Rz, Rss, Rss, Ress are
therefore zero and Rgs is equal to one. R;s, Ras, R3s, Rys and Rgs are zero because the forces on

particles do not depend on their longitudinal position, except for the case of bunchers,
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which are not considered here. In the linear approximation of the equations of motion the
contribution of the displacement of the beam in the vertical direction to the longitudinal position
1s neglected. Rs3 and Rs4 are therefore zero. In the same approximation the momentum spread
does not contribute to the vertical motion, and the vertical motion not to the hotizontal motion,

with the result that R3s Ry Ri3 Rie Ry; and R4 are zero.

The path length difference expressed in terms of the initial coordinates is given by:
t=x, [ (c)h(r)dz +x, [[s.(2)r(n)dz +8, [ d.(h()dz (3.21)
The matrix elements related to path length in the six by six matrices can be evaluated from:
Ry =(t]x)= [ ¢, (0)h()dz
R, =(¢]x)= _Csx(r)h(r)df (3.22)
Ry =(€]6) = [ d ()h(z)dr
For a length Lo of the reference trajectory and the velocity vo of the central particle the
longitudinal separation, i.e. the distance is which the central particle is behind a particle with

‘momentum p traversing a path length L, at the end of the beamline, is given by:

(=L-I,~L—6 (3.23)
4

2
Where y* = 1- l)-; and ¢ the velocity of light in vacuum.
C .

3.3 THE TRANSFER MATRICES OF SOME BEAMLINE ELEMENTS

3.3.1 TRANSFER MATRICE OF A DRIFT SPACE
The simplest beamline element is a drift space, a field-free region in the beamline, which is
specified by a single parameter L, the length. In such a space the longitudinal and transverse
momenta are conserved and both n and h are zero. From this and equations 3.14 it follows that:
X"=0,y"=0,x() =X, y=yp, ¢, )=Lec O=1Ls (O)=ts t)=td H=0 (324

and at the end of the drift space:

X)) =xp, yL) =y,

Since h is equal to zero the only contribution to the change in path length due to the momentum
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spread is:
br Lo
4
To follow the convention commonly used in the literature on beam transport theory the minus

sign is left out in the following matrix R for a drift space, to indicate the distance that the

particle with momentum p is ahead of the central particle at the end of the drift space:

x(t) 1 L 0 0 0 0 X,
x'(2) 0 1 0 0 0 0 X,
Re y(t) _ 0 0 1 L 0 0 Yo (3.26)
y'(®) 0 0 0 1 0 0 Y
140 0 0 0 0 1 Ly 4,
o) 0 0 0 0 0 1 Ry

3.3.2 TRANSFER MATRICES FOR A QUADRUPOLE MAGNET
In quadrupole and dipole magnets the magnetic field is in most cases constant along the path of
the central trajectory. In such cases the homogeneous form of equations 3.14 can be written as:
q"tk*q=0 (3.27)
For the positive sign the functions ¢(?) and s(?) are now:
c(t) =cos kt
s(t) = —llzsin kt (3.28)
For the negative sign in equation 3.27 the trajectory is divergent and the general solution can be

expressed as:

c(t) = cosh kt
3.29
s(ty= %sinh kt (3.29)

The dispersion function is given by:
h
d,(0=-7(~c,0) (3.30)

Figure 3.2 shows a cross section through the hyperbolic pole tips of a quadrupole magnet
looking in the direction of the reference trajectory. The scalar potential of the field of a

quadrupole magnet can be obtained by conformal mapping and is in rectangular coordinates

given by: o B,xy

a (3.31)
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where By is the magnetic field on a pole tip at a point closest to the optical axis x =0, y =0 and
a is the distance from the origin to this point. The magnetic field components can be expressed

as the gradient of the scalar potential:

/)

Figure 3.2: A cross section through the hyperbolic pole tips of a quadrupole magnet.

B, = Loy =gy
a
(3.32)
Y a

The magnitude of the field B as a function of the radius r is given by:
B=gr (3.33)
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The field has the following symmetry about both horizontal and vertical planes:

Bx(x’y’t) = —Bx(xshyat) = Bx(_X,y:t)

334
By(xay7t)= By(x’-yst):"By("x7yat) ( )

In a quadrupole magnet the curvature h of the central trajectory is zero and equations 3.6

become:

x" wiBy
p
(3.35)

y'==B,

e

With the field components substituted from equations 3.35 the following equations of motion

for a quadrupole magnet are obtained:

x"+k;x=0
(3.36)
Y -ky=0
with:
498
Kw=% (3.37)
Po

Equations 3.32, 3.36 and 3.37 show that for positive field strength the beam is focused
horizontally and defocused vertically. The solutions to these equations 3.36 are given by 3.28
and 3.29 for the x- and y-directions, respectively. Since the central trajectory has no curvature

the change in path lengths due to the momentum spread is again given by the same expression

1 . . . .
L — 6 as for adrift space, with L the length of the magnet. For the same reason the dispersion
4

function d, is also zero. The transfer matrix R for a quadrupole magnet for horizontal focusing

and vertical defocusing is therefore given by:

3.3.3 TRANSFER MATRICES FOR A BENDING MAGNET

In beamlines bending magnets are not only used for changes in the beam direction but also for
focusing and energy selection. The equations of motions, the dispersion function and the
expression for changes in the longitudinal positions of particles, due to the momentum spread,

have already been given above for a dipole magnet with median plane symmetry. The relevant
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equations 3.14, 3.15, 3.17, 3.21, 3.22 and 3.23 yield the transfer matrix R, given on the next

.
cosqu —}—sink L 0 0 0 0
k q
q
—kq sin qu cos qu 0 0 0 0
0 0 coshk L -}-sinhkL 0 0
R= e k, ‘ (3.38)
0 0 kq sinh qu coshqu 0 0
0 0 0 0 1 -L;
’ 4
0 0 0 0 0 1]

page, for a bending magnet with edges perpendicular to the reference trajectory.

A further contribution to beam focusing can be made by shaping of the entrance and exit pole
edges of a bending magnet as shown in figure 3.3. The pole face rotation angle P is defined as
positive if a particle with a positive x displacement remains for a shorter distance in the magnet
gap, than would have been the case if the pole face would have been perpendicular to the
reference trajectory. A particle with a negative displacement, with respect to the reference

trajectory, in the x-direction, remains in the magnetic field for a distance lxl tan B longer at the

magnet edge than would have been the case if the magnet edge were perpendicular to the
reference trajectory. With a radius of curvature po the additional angle through which the
particle is deflected in the negative x-direction, is to a first order given by (l"' tan B)/po. This

explains elément R;; in the following transfer matrix for an edge angle, apart from a correction
y to the angle B, which is necessary in cases of extended stray fields. For positive values of
the beam is defocused horizontally. The x-component in the stray field at vertical
displacements with respect to the median plane, for values of j§ different from zero, and the
longitudinal velocity of the particles cause a focusing force in the vertical direction for positive

values of 3, as is indicated in the transfer matrix 3.37 for an edge angle.
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Figure 3.3: Bending magnet with shaped entrance and exit pole edges for beam focusing
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3.4 THE BEAM ELLIPSE AND EMITTANCE

With the transfer matrices the motion of particles can be individually traced through a beamline.
Of more importance, however, is to use these matrices to calculate the behavior of a beam
consisting of many particles, without considering the behavior of individual particles. For this
purpose the area occupied by the beam in phase space is approximated by an ellipse, which
includes all the particles that have to be transported through the beamline. Unwanted particles
can be stopped on the jaws of slits. The choice of an ellipse is customary because in circular
accelerators such as cyclotrons, particles execute sine-like trajectories around the reference orbit
and at any fixed azimuthal position particles execute sinusoidal oscillations in both the vertical
and horizontal directions. The derivative of the transverse displacement with respect to
longitudinal position, i.e. the divergence, is therefore a cosine function and by combining the
displacement and the divergence through elimination of the longitudinal position an ellipse is

obtained in phase space.

A symmetric ellipse is defined by the matrix:

o= (G" J’ZJ (3.38)
Op Oy
The equation of the ellipse is given by:
X0 X =1 (3.39)
where the two-component vector X is given by:
X= (x) (3.40)
X

The maximum extents of the ellipse, shown in figure 3.4, in the x and x’ directions are given by

the square roots of the diagonal elements:

xmax = \‘ O-li

(3.41)
Xoax =N O
The area of the ellipse is given in terms of the determinant of the ellipse matrix by:
A= ;rrlcrl”2 = X X = X X (3.42)

(3.43)
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Figure 3.4: A two-dimensional ellipse in phase space showing the parameters which are used to
describe the ellipse
‘The beam ellipse 1n phase space has now been defined at a specilic location.
The transformation to another location has now to be determined. For this purpose equation
3.39 is rewritten with the argument O to indicate the initial point in the beamline:

X"(0)a(0) ' X(0) =1 (3.44)
At a point downstream the coordinates in phase space of an individual particle are given in

terms of the initial coordinates by:

X(1) =R X(0) (3.45)
By substituting X(0) from equation 3.45 in 3.44 the following is obtained:
X"(MRa(0)'RIX() =1 (3.46)

The beam ellipse at the new location is therefore given by:

o(l) = Ro(O)R” (3.47)
With the ¢-matrix formalism, which can be extended to include the vertical and longitudinal
motion, the behavior of a beam of particles in a beamline can be calculated and presented in
phase space by using the transfer matrices for the linearized motion of individual particles. The
linearized or first order equations described above are used in the computer program
TRANSPORT for the basic design of a beamline.
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3.5 THE SECOND-ORDER EQUATIONS OF MOTION

To evaluate second and higher order effects in a beamline the trajectories of individual particles
can be calculated by solving the complete equations of motion numerically using interpolated
field values from calculated or measured magnetic field maps. This is the method used by the
computer program TOSCA, which will be discussed below. By selecting a number of particles,
representative of the beam as a whole, the data can also be presented in phase space. Another
method is to extend the matrix method used above by including second order matrix elements.

With second-order terms included the two transverse components of the equation of motion

now become [Car87]:

X" = h(l+hx) - x'(hx' + h'x) = ir'[ ¥'B, ~(1+hx)B, |
P (3.48)
Y =y +h'x) = L1 [(1+ ) B, - x'B,]
p

To obtain second-order terms in the equations for the field components the Taylor expansion for

the potential should include cubic terms:

1 1
DO(x,y,1) = 4,y y + 4, xy +5A,2x2y+-gA30y3 (3.49)

Because of the requirement of mid-plane symmetry terms with even powers in y cannot be
included. Terms in x, x* and x°> only would yield an x component for the field in the median
plane and have therefore also to be excluded. The coefficients Ajo, A1y, A and Ajzg are
functions of the longitudinal coordinate only. The components of the differential line segment,

equation 3.5, can be used to write Laplace’s equation in the x, y, t coordinate system [Gre84]:

ov] od 1 a[ 1 8@}_0

V2®=—1——a—{(1+hx)———}+ —+ — ——
14+ hx Ox ox oyt l+hxot|1+hx Ot

(3.50)

By substituting the expression for the potential into the Laplace equation and equating the
coefficient of y to zero the following relationship among the coefficients is obtained:
Ay = Ay — 4, — b4, (3.51)

Without the third order terms equation 3.49 reduces to equation 3.9 for which A;¢ and A;; have
already been determined and are given by equation 3.11. Because of the relationship between
the potential coefficients in equation 3.51 and the previously determined expressions for Ao
and Ay; only one additional coefficient can be specified independently. The coefficient A;; is
customarily defined in terms of a dimensionless field parameter , which is unrelated to the

previously used symbol  for the pole face rotation angle:
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4, =201 4, (3.52)

By substitution in equation 3.51 the following expression for Asq is obtained:
Ay = -[%— —nh* + 28R ] 4, (3.53)

The parameter f can also be written in terms of the second derivative of the vertical field

component with respect to x on the midplane:

R i | 3.54
p= 2K°B,| ox )|y=0 (3:54)

The field components are given by the gradient of the potential function:

B,(x,y,1) =!;i[—nh2y +2pk 3]
B,(x,y,t) = %’-[h —nk’x+ ph*x* - %(k" —nh® + 28K )y{l (3.55)
B,(x,y,t) = %)—[k’y —(n'h +2nhh' + hh')xy]

On the midplane the vertical component of the field has the following form:
B,(x,0,1) = B,(0,0,0)[ 1 - nhx + Bh*x’ | (3.56)

Substitution of the field components from equations 3.55 in equations 3.48 yield the following

equations in which only terms up to the second order have been retained:
X"+ =n)’x=hS+(2n-1- B)A’x* + K'xx’ +%hx'2

+(2—n)h2x5+%(h”—nh3 +281%)y? +h'yy’-%hy’2 _h (3.5T)

Y +nhly =2 -n)h’xy +k'xy' —h'x'y + hx'y' +nh*yS
These equations can be solved by first solving the linearized equations 3.14 and substituting the
functions s,(t), cx(t) and d,(t) thus obtained in equations 3.57. Particular integrals for the
equations 3.57 can be obtained by using the Green’s function method mentioned before. The
influence of the second order terms can be presented in a triangular second order matrix, T,

which together with the first order matrix, R, can be used to calculate the beam characteristics

along a beamline [Bro82}:
x )= Rx;(0)+ > T, x,(0)x,(0)
J Jik

The second order matrix for beam transport between two points indicated by 0 and 2 in a

beamline can be calculated from the transfer matrices between point 0 and an intermediate point
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1 and the matrices for beam transfer between positions 1 and 2 according to the following rule
[Car87]:

T, (0> 2) = R,(1> DT, (0> D)+ T, (1> 2R, (0> DR, (0>1)
[4 im

The computer program TURTLE and TRANSPORT have been developed to study these second

order effects.

3.6 INCLUSION OF ELECTROSTATIC LENSES IN THE COMPUTER
PROGRAM TRANSPORT

The equations of motion in cylindrical coordinates (z, r, 8) for the calculation of the trajectories
of meridional charged particles in acceleration tubes with axial symmetry have been described

by Rose and Galejs [Ros64, Ros67]. The momentum components p, and p; are:
p,=myi p,=m_yr (3.58)

where:

y=1-v'/ch (3.59)

Under the square root ¢ is the velocity of light and:
vi=7" +7?
The equations of motion with, my the rest mass, q the charge of the particle, V is the

electrostatic potential and t the time, are now:

m (12

a\"ar P (.60
o _d_( ﬂ]_ 14

AL L P

The differential equation for the trajectory is obtained by eliminating the time from equations
3.60:

. _ 02
preldyr  —ay Lir PK-_r'a—V-} (361)
zdtyz wmoc” (y*-1)| Or Oz
with:
r=drldz=v¢/2 (3.62)
2
By writing: O =m,c’ I:— qu; .,.{_EZLZ) } (3.63)
m,c myc

26



And: y=1-qV/myc?, (3.64)

the relativistic electrostatic ray equation is obtained :

+ 12
P = _1_”__.[6_Q_mr'?_g. (3.65)
20 [ or 0z
For paraxial non-relativistic particles equation 3.61 reduces for electrostatic fields with
cylindrical symmetry to:
sy o g (3.66)
2V, 4V,

where V¥, is the axial potential. Equations 3.65 and 3.66 can be written as two first order

differential equations, which can be solved by a numerical method such as the Runge-Kutta
method. Numerical integration, although capable of yielding accurate results, is not very
suitable for presenting beam characteristics in phase space, unless the trajectories of a large

number of representative particles are calculated.

A recent version [Roh01] of the computer program TRANSPORT includes the facility to
calculate the transport of beams through electrostatic lenses in phase space. Instead of solving
the equations derived above with measured and / or calculated field values transfer matrices are
calculated by using an approximate method [Gal67]. The axial potential is replaced by a
number of sections with homogeneous but different field strengths through which equation 3.66
is integrated. For each section and its accompanying breakpoints, as is shown in figure (3.5),

the following total transfer matrix can be written for the radius r and the radial momentum p, =
mvr {StuS5, Ga67]:

- o

3p.~"'Pf 2d
["*} 2P, it ey [r"} (3.67)
Pud |_3 Pr=Piy _y 3P; = Pi |L Pro

| 4d pp, T 2p;

where p; and pr are the initial and final longitudinal momentum values. The remaining symbols
are defined in figure 3.5. The matrix for the section and breakpoints is obtained by
multiplication of the matrices for a breakpoint:
1 0
[ Mo | =| E; - E,

2p (3.68)

with the matrix for the uniform field section:
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) 2d
[Mum’form field :] = pi + pf (369)
0 1

and then again with the matrix for a breakpoint. By successive multiplication of the transfer

matrices My, the matrix for all the sections together can be obtained.

Vi Ve
: : w7
d
l |
l |
l |
Ve
| Vi |
l l ‘
Vi - |
1 | N —
| l
7. 7

Figure 3.5: Section of homogeneous field with break points at the beginning and end
of the section.
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CHAPTER 4

CHARACTERIZATION AND OPTIMIZATION OF THE
OPERATING CONDITIONS OF THE VAN DE GRAAFF ION
SOURCES

4.1 INTRODUCTION

At the iThemba LABS NMP facility two duoplasmatron ion sources, with hot and cold cathodes
respectively, as well as a cold-cathode Penning Ionization Gauge (PIG) source are available for
the Van de Graaff accelerator. The quality and intensity of the beams delivered by the
accelerator are to a large extent determined by those of the ion sources. It is therefore important
to improve the beam quality and intensity of the sources and to know their characteristics as
well as the factors that limit their performance. The calculation of particle trajectories through
the Van de Graaff accelerator and its beamlines parameters such as the energy spread and the
horizontal and vertical emittances of the beams extracted from these sources should be known.
The optimum operating conditions, such as the filament current, cathode and anode voltages
and gas flow under which stable beams can be delivered reliably to the users, with a reasonably
long source lifetime, should be determined, since no experimental data are available. The
source fifetime is of great importance because maintenance work on the source implies removal
of the Van de Graaff tank and ventilation of the accelerating tube, which has afterwards to be
evacuated again — a process which normally takes three days during which beam will not be
available. The aim of this study is therefore to characterize and optimize the ion sources on an
ion source test bench, equipped with the necessary diagnostic apparatus for this purpose. With
the characteristics and limitations of the sources known it may become clear which further

development work would be advantageous.

4.2 THE ION SOURCE TEST BENCH

Since it is not possible to calculate the performance of ion sources with accuracy from the
dimensions of the electrodes, the gas flow and the applied voltages and currents, it is standard
practice to determine the source characteristics on a test bench [Mal76]. Figure 4.1 shows a

layout of the ion source test bench at iThemba LABS [Mok02]. The ion source under test and
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all its power supplies are at a positive potential, the extraction voltage, with respect to the beam
pipe of the test bench. The diagnostic equipment consists of two Faraday cups for the
measurement of the beam intensity and adjustable horizontal and vertical slits for selection of
portions of the beam, after it has passed through the pole gap of a bending magnet [Mai02] and
a drift space. The vertical slit has two independently adjustable jaws to select ions with a
specific charge-to-mass ratio within a limited momentum range. For a 1 mm object slit width,
i.e. the aperture in the extraction electrode directly in front of the ion source, the charge state,
the mass and momentum resolving power at the vertical slit jaws is 0.9%. For the same slit size
the energy resolving power is 1.8%. Downstream from the vertical slit two horizontal slits with
fixed apertures of 1 mm, but with adjustable positions, are installed at a distance of 90 mm apart

for emittance measurement.

Vertical Slit

Jaws
o)
o] . .
" \ Ist Horisontal slit
T 611 for emmittance
i : 3] 471
371
\ ©
L e
3 =
ot
3
2nd Horisontal slit
L
for emmittance

E ﬁ!}{:otv"ﬂ

1700 l

Figure 4.1: Layout of the ion source test bench at iThemba LABS showing side (left) and front (right)

R

et

views. The dimensions in the figure are in millimeters.
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Figure 4.2 shows the main components of the test bench with an ion source and some
electrostatic lenses between the source and the beam pipe. Since the ion source is at u
potential of a few kilovelt with respect to the beam pipe, which is at ground potential, the
ion source power supplies and measuring equipment are all connected through a high-

voitage isolation trausformer to the mains supply

Power

Supplies

Figure 4.2: The ion souwres test bench at iTheinba LABS.

With the 90° bending magnet the beam from the ion source is focused in both the
horizontal and ventical directions to 2 width of u few mm at a point halfway between the
two horizonta! slits. To obtain this double-focusing charactenistic the magnet has been
manufactured with edge angles of 34,7 degrees.
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4.3 THE HOT-CATHODYL DUOPLASMATRON TON SOURCE

4.3.1 THE CONSTRUCTION OF THE SOURCE AND ITS OPERATING PRINCIPLES

The lavout of a hot-cathode dueplasmatron 1on source is shown in figure 4.3, A filament, whach
acis as a caihode, 18 heated by sending an ac current of typically 100 A through it. Electrons
enitied from the hot cathode are accelerated in the electnic field. created by the cathode powcer
supply of about 100 ¥, and gain energy as they move towards the inlermediate electrode. Once
they have sufficient energy the electrons stard to jonize the gas that enters the ion source on the
cathode side. The positive lons meve towards the cathode under the influence of the eleciric
field  Electrons pass through the narrow channel in the intermediate electrode and enier the
regon between this electrode and the anode. In this repion a strong magnetic field 15 created by
the coil and magnet steel core configuration shown in figure 4.3° Between the intermediate
clectinde and the anode the motion of both electrons and 1ons arc to a laroe extent confined to
the axial direction by the applied axial magnetic field. 1n the gpace between the cathode and the
infermediate eleetrode the magnetie field is practically zero, The gas Nows through the narrow
channel in the intermediate clectrode and throush the 0.5 mm diameter erifice in the anode. By
direcling the gas and the fast moving electrons (ogether through the channel 1 the intermediate
electrode a high degree of iosization, typically more than 0%, 15 obtained [Val77],  The

ionization proccsses tn the plasma are the following [Hed91]:

H + e == H- -+ 2c
H, o+ e = H' + H + e
| + C = H - Ze
H" = H. = H; + 3
H; = ¢ = H' + H- - e

The duoplasmatron ion source was invenied by von Ardenne in 1956 [Ard56] and has since
then beecome a popular ion source for accelerators and especially for Van de Graaff accelerators
because of its low gas consumption. To prevent sparking due to the hgh voltage in the
accelerator tube of a Van de Graaff, a good vacuum is required, and because of the high
pressure of 1.8 MPa as well as the limited space and power available in the terminal, the
vacuum pumps are connected at ground potential, six meters away from the 1on source. A low

cas load from the ion source is therefore advantageous.
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Figure 4.3:  Cross-scction ol the hot-cathode duoplasmatron ton source showing: (1)
the cathode, (2) the intermediate electrode, (3) the anode, (4) the magnet windings, (3)
the filament power supply, (6) the cathode power supply. (7) the 2.4 k(2 intennediate-
electrode resistor, (8) the magnel power supply, (Y) the coolant connections [or the
magnet windings and (10} the gas inlet, The source has a diameter of 130 mm and a

lengrth ol [ 20 mm.



Becausc of 113 comipact construction the inner parls of a duoplasmatron are not accessible for
diagnostic purposes  development work s done by imal and emror. To gam a betrer
understanding of a dueplasmatron source Lejeune [Lej74a, Lej74b] construcled a special large-
stale suurce to measure (he chavacteristics of the discharpe inside the source, Figure 4.4 shows

typical [Ang94] electric potential and magnetic (eld distnbutions mside a duoplasmatron 1on

SOUICe.,

Potenbial ¥ on the Axis
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Fignre 4.4: Tvpical electrostatic potential, ¥V, and magnctic {icld, B, distribihons along the axis of a
hot-cathode duoplasmatron ion source.



The regions in which the potential increases linearly correspond to neutral plasma, since the
second derivative of the potential with respect to the axial co-ordinate is zero, which implies
according to Poisson’s equation, that the charge density due to electrons and positive ions have
the same absolute values in these regions. The regions of sharp increases in potential along the
axis are explained [Ang56] in terms of the existence of an excessive concentration of positive
ions near the cathode and in terms of a double layer of positive ions and electrons near the
intermediate electrode. That the existence of such layers of charge can be responsible for the
observed potential distributions can be seen by solving Poisson’s equation for two parallel
plates with thin layers of charge interspaced between the plates or just by applying Gauss’ law
to such a configuration. The charge layers in figure 4.4 correspond to regions where the
potential graph deviates from a straight line, i.e. where the second derivative of the potential is
different from zero. Electrons leave the cathode with very low velocities, which means that the
ion current close to the cathode is much greater than the electron current, although the charge
density in this region is negative. This negative layer together with a positive layer, still close
to cathode but slightly away from it, forms the cathode double layer [11172]. The next region of
slow-rising voltage consists of almost neutral plasma and is followed by layers of negative and

positive charge, respectively [Kis65].

In the region between the intermediate electrode and the anode the magnetic field increases
sharply which means that the field lines converge strongly. In such a field there is, due to the
magnetic field, a resultant horizontal force component, directed away from the anode and back
to the intermediate electrode, on a charged particle with a transverse speed component. The
mirror [Che74] formed by the magnetic field therefore reflects electrons leaving the channel in
the intermediate electrode with a sufficiently large transverse speed component. In the
magnetic field B the magnetic moment mvPZ/(ZB) of a charged particle with mass m and
perpendicular speed component v, is an adiabatic invariant [Che74, Sim72]. The helical paths
of electrons in the magnetic field increase their ionization efficiency. The increased
concentration of positive ions due to the reflection of electrons from the anode explains the drop
in voltage in front of the anode [Lej74a]. The drop in potential towards the anode corresponds
to an electric field directed towards the anode, which is favorable for acceleration of positive
ions to the orifice in the anode. The positive ion beam is extracted at a point where the plasma
density is high and from which the plasma expands in the decreasing magnetic field, by

application of a negative potential of a few kilovolt to the extraction electrode in front of the

anode.

35



4.3.2.1 EXPERIMENTAL RESULTS

4.3.2.1 OPTIMIZATION OF THE BEAM CURRENT BY VARYING THE GAS FLOW
TO THE ION SOURCE

The gas flow to the ion source was varied to determine the optimum condition in terms of
intensity for protons. The gas consumption of the duoplasmatron ion source is, however, so low
that that the gas flow could not be measuréd with the available equipment. Because of the
limitations of size the pressure could also not be measured in the ion source on the test bench.
The pressure in the beam pipe of the test bench was therefore measured and used as a measure
of the gas flow to the source. Figure 4.5 shows the measured beam current for different
hydrogen ion species at an arc current of 1 A, a filament current of 25 A and an extraction
voltage of 5 kV. As the gas flow is increased the arc voltage decreases form 97V to 81V in
order to maintain a constant arc current of 1 A since the arc power supply is current stabilized.
Below a pressure of 6x10® mbar the ion source becomes unstable. In this pressure range the arc
current can no longer be maintained and the arc extinguishes. The maximum current for
protons is obtained at a pressure slightly above the gas flow at which instability sets in. This

fact can be used to adjust the gas flow when the source is used in the Van de Graaff accelerator.

Although the currents for the individual ion species vary strongly, the total current does not
change by more than 11% over the pressure range in which the measurements were carried out.
The increase in H;'-ion current and the drop in the H*- and H,"-ion currents with pressure are

probably due to recombination of H'- and H,"-ions with unionized Hydrogen molecules in the

ion source according to the following reactions:
H + H = H
HyY + H, = H + H
For the optimum proton beam current the source should be operated at a gas flow slightly higher

than at which it becomes unstable.
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Figure 4.5: Measured beam current for different Hydrogen ion species as a function of the
pressure in the beam line of the ion source test bench, for the hot-cathode duoplasmatron ion
source, operated under the following conditions: arc current = 1 A, filament current = 25 A,

extraction voltage = 5 kV. The arc voltage decreased from 97 V to 81 V as the gas flow to the
source was increased.

4.3.2.2 OPTIMIZATION OF THE BEAM CURRENT BY VARYING THE
EXTRACTION VOLTAGE

The solid lines in figure 4.6 show the measured beam current for different Hydrogen ion species
as a function of the extraction voltage. The remaining ion source parameters were kept at the
following constant values: arc current = 1 A, arc voltage = 83 V, filament current = 25 A,
pressure = 10 mbar. According to the Child-Langmuir law [[an89] the extracted ion beam
current I should be proportional to the extraction voltage V to the power 3/2. The dotted lines
in the figure are least-square fits of the equation I = constant x V> to the measured data for the

different ion species and show that the source behavior is to a large extent in agreement with the
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Child-Langmuir law which means that the beam current extracted from the source is limited by

the space charge in the region between the anode and extraction electrode. It also indicates that
the beam losses in the beamline due to space-charge effects are small and only of importance
for operation at low extraction voltages, as shown in figure 4.6. For high beam intensity the

source should be operated at as high as possible an extraction voltage without jeopardizing

reliability of beam delivery due to sparking.
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Figure 4.6: Measured beam current (solid lines) for different Hydrogen ion species as a
function of the extraction voltage, for the hot-cathode duoplasmatron ion source and least-
square fits (dotted lines) of the Child-Langmuir law. The measurements were made under the

following conditions: arc current = 1 A, arc voltage = 83 V, filament current = 25 A, pressure =
10”° mBar.
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4.3.2.3 OPTIMIZATION OF THE BEAM CURRENT BY VARYING THE ARC
CURRENT OF THE ION SOURCE

Figure 4.7 shows the measured beam current for different Hydrogen ion species as a function of
the arc current. The proton and H,"-ion current increase with increasing arc current while the
H;"-ion current decreases with increasing arc current, arc voltage and source temperature. At
the higher ion and electron energy as well as higher discharge temperature fewer
recombinations take place. For high proton beam intensity the source should be operated at a
high arc current and arc voltage to minimize recombination of proton with electrons and

hydrogen gas molecules.
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Figure 4.7: Measured beam current for different Hydrogen ion species as a function of the arc current,
for the hot-cathode duoplasmatron ion source, operated under the following conditions: pressure in the
beamline of the ion source test bench =10~ mBar, filament current = 25 A, extraction voltage = 5 kV

4.4 EMITTANCE MEASUREMENTS

An ion beam can be represented by a group of points in six-dimensional phase space.

According to Liouville’s theorem the motion of a group of particles under the action of
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conservative force fields is such that the local density in the six-dimensional phase-space X, px,
¥, Py» Z, P, remains everywhere constant. If the transverse components of motion of a group of
particles are mutually independent and space-charge effects are neglected the motion of the
particles in the orthogonal planes (x, px), (v, py) and (z, p,) can be treated separately. The areas
in the x, px and y, py planes are conserved independently and are called the horizontal and
vertical emittances €, and g,, respectively. For the case where p, is constant and both p, and py
are small in comparison with p,, the transverse momenta p, py are replaced respectively by the

horizontal and vertical angular divergences x’ and y":

d

%:d_)z)zy' @1
dx

—ix == = @.2)

- To account for changes in the axial momentum p, of an ion beam, the concept of normalized

emittance is used and is at beam energies low with respect to the rest energy of the particles
defined as:

g, =mxx'NE (4.3)
E,=7 yy'\/E 4.4)

where E is the energy of the ion beam in MeV. The units of emittance are given in terms of
7 mm mrad (MeV)'? [Alt87]

4.4.1 EXPERIMENTAL RESULTS OF EMITTANCE MEASUREMENTS

The emittance of the ion source was measured with two slits, 90 mm apart, and a Faraday cup in
the ion source test bench at an arc voltage of 83 V, an arc current of 1 Amp, a filament voltage
of 24 V and an extraction voltage of 5 kV. The beam intensity as a function of the positions of
the two slits is shown in Figure 4.8. The phase ellipse of the beam is shown in figure 4.9. The
measured emittance for 90 % of the beam intensity is 48 »# mm mrad. This figure will be used

to calculate the beam transmission through the Van de Graaf accelerator. The intensity profile

of the beam at the second slit (Fig 4.1) is shown in figure 4.10.
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Figure 4.8.The beam intensity distribution for the hoi-cathode duoplasmatron ion source
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Figure 4.9:The phase ellipse of the beam from the hot-cathode duoplasmatron ion source with
90 % of the beam ncluded in the ellipse. The emittance was 487 mun mrad The area covered
by the smaller dots cutside the ellipse represents the remaming part of the beam.
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Figure 4.10: The honzonta! infensily profile of the proton beam from the hot-cathode

duoplasmatron ion gource at the first slit of the 1on source lest bonch,

The relatively sharp cut-off of the beam profile on the left in figure 4.10 is due to the fact the
beant at this point cxtends beyond the entrance opening of the Faraday cup. The asymmetry in
the beam profile us a whole can only be explained by a deviation from the desired circular shape
of the 0.2 mm diameter aperture in the electrade through which the beam 15 extracted from the
ionn source. This elecirode operates at a high temperature duc to lon bombardment and the

aperlure somelimes becomes partly or complotely blocked due to melung.

In general the source has a life-time of four to six weeks dunng which the coating of Barium- |
strontivm- and Caleium carbonite on (he Nlament, that 18 used to increase the electron
cmissivity, slowly erodes away due to spultering by posilive ions, with the result that a

discharge can no longer be ignited,

4.5 THE COLD-CATHODE DUOPLASMATRON ION SOURCE

A eross-scetion of the cold-cathode duoplasmatron 1on source, constructed with permanent
magnels, [Mok02] is shown in figure 4.11 with an extraction electrode and exiraction power
supply. The source length and diameter are 160 mm and 80 mm, respectively, The design is
bascd on that of an cxisting jon source [Qay94] and has the advantage for a Van de Graaff

accclerator thal il operales withoul a Alament, which would have o be replaced regulaly. It



frthier does not require a power supply in the Van de Graaff terminal, where the space and the
power avarlable are [imted, for the cxcitation of the magnetie ficld, since permanent nng
magnets are used for this pwpose. Conlrary o the previous duoplasmatron lon source, the
discharge m the regton of the holow cathode 13 also magnetically confined.

The source has been tested and the beam corrent mcasured a1 an cxiraction voltage of 11 kY
[MokY2]. The total beam current as a lunction of the arc current at an extraction voltage of 11
kV is shown in hgure 412, Al the Van de Graaif the maximwm extraction voltage is, however,
Iimited 1o 8 KV to prevent excessive sparking. Al this voltage g beam current of only 6 JLA 18
obtained for protons. The seurce can be operaled stably up 1o are currents of 50 1o 60 mA,
Above thal the source becomes unstable due to excessive heating of the efectrodes. This source

15 thorefore on account of its low beain current of httle use lor the Van de Graafl aceelerator.
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Figure 4.11: Cross-section ol the cold-cathode duoplasmatron ion source with permanent
magncts [or the Van de Coaall accelerator showing: (1) the cathode, (2) the intermediate
electrade, (3) the anode, (4) the gas inlet (5) the anode power supply (6) the cathode resistor (7}
the anode resistor (8) the extraction power supply and () the cxtraction clectrode
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Fizure 4.12; ‘lotal beam current as a function of arc current, for the cold-calthode

dupolasmatron 100 source constructed with permanent magnets, at an extraction voltage
of 11kV for Hydrogen 1ons.

4.6 THE PENNING GAUGE {P1G) 10N SOURCE

4.6.1 THE CONSTRUCTION OF THE SOURCE AND ITS OPERATING
PRINCIPLES

Figure 4,13 shows the maig features of a PIG ion source, the most often used mitemal iom source
for acccleration of Hght lons in evclotrons. The gas to he ionized Nows into the anode, which is
ul @ pusitive poilcntial with respect lo the {wo cathodes, As the anode vollage is increased, frec
electrons 1n the regions between the cathodes and the anede are accelerated towards the anode
in the electric field and ionize the gas atoms. The anode current suddenly increases io a value
limited by the pewer supply, which normally is capable of hoth voltage and current stabilizaticn
and hinitanion. Positve wons formed near a cathede, or leaving the anode, are accelerated
towarids the cathode and collide with it. therchy heating it and causing generalion of moere

clectrons through thermionic cmission.
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Figure 4.13: Schematic of a cold-cathode Penning (PIG) 1on source showing: (1) the top
cathode, (2) the cathode through which the beam is extracted, (3) the anode, (4) the anode

power supply, (3) Ihe opening {hrough which the beam s cxiracted and the dircction of the
magnetic field B

In some PIG sources one of the eathodes is heated with a Tungsten filament for better contral of
the discharge. Electrons emitted by the cathodes are accelerated in the eloetric field in the
spaccs between the cathodes and the anode, and move into the anode clectrode.  Similarly,
electrons entering these regions trom the anodoe are first retarded and then accelerated back into
the anode to oscillate back and forth between the two cathodes, thersby forming a reflex
discharge. Inside {he anode particles are shielded from the electric ficld bui not from the
magnetic ficld that penetrates through the non-magnetic electrodes of the source. Electrons
lgave the cathode with horizontal, as well as vertical velocity components and therefore move
down into the anode in spiral orbits. The plasma maintains ilself at a positive potential with
respeet to the ancde [Che74] to confine clectrons clectrostatically in addition to the magnehc
confinemenl. The discharge mechanisms in a PIG source and the influence of the source
paratneters on the beam cuwrrent have been described in several books [Bro89, Val77] and
papers |Ben72, 8ch76]. For dissociation of a Hydrogen molecule, an eleciron cnergy of at least

4.52 eV 15 required and for ionization of a Hydrogen atom 13.59 ¢V, The optimum energes for
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dissoctalion and lonization arc, respectively, 16.5 eV oand B0 eV [ConY2]. igure 4.14 shows u
cross-scotion of the Van de Graafl PIG source. The source has a diamcter of 180mm and a
fength of T00mm. As in the previous fipure the gas inlet 15 at the top and the beam 1s extracted
axially at the lower cathode. The magneuc field 15 penerated by the current sent through the
coll windings and defined by the magnet sleel configuration. The anode is made from stainlcss
sleel and is cooled by sending a coolant, with low electrical conductivity, through channgls 1o

an Adumminium bleck with which i1 is in good thernial comact,

4,6.2 EXPERIMENTAL RESUL'LS

4.6.2.1 OPTIMIZATION OF TIE BEAM CURRENT BY VARYING THE
EXTRACTION VOLTAGHK

The solid lines in [ipure 4.15 show the measurcd beam current for different 1hvdrogen ion
species ds a function of the exiracuon voltage. The remaimng ion source paramelers were kepi
at the following constant values: arc eurrent = 1 A, arc voltage = 300 V, pressure = 4x |7 mbar
and 30 V across the magnet coil.  As hefore lor the hot-catode duoplasmatron source it s
expecied that the beam current 4s a [unction ol the extraction volage should follew the Child-
Langmuir law, i.e the exiracied ion beam current 1 should be proportional to the extraction
-voltage V1o the power 372, The dotted lines in figure 4.15 are least-squace its of the cquation |
= constant x V7 to the measured data for the differcnt ton species and show thar (he source
behavior is to a large extent in agreement with the Child-Langmuir law which means that the
beam current extracied from the source is limited by the space chargc in the reglon berween the
anode and cxtraction electrode. Tt again also indicates that the bearn losses i the beaniline duc
1o space-charge elfects are small and only ol imporlanee [or operation with low cxtraction
volages, as shown in fgure 4.15. For high beam imensities the source should be operated at as

high as possible an cxiraction voltage without excessive sparking,
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Figure 4.14: Cross-scction of Van de Graafl Penning lon Source showimg: (1) the top
cathode, (2) the cathode through which the beam is extracted, (3) the anode, (4) the coolant

conncetion, (5) the anode power supply |, (6) the magnet windigs |, (7 the magnet power
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Figurc 4.15: Measured beam current {solid lines) for different Hydrogen ion species as a function of
the extraction voltage, for the Penning ion source and lcast- squarc fits {dotted lines) of the Child-
Langmuir law. The measurements were made under the following conditions: arc current = 1A, arc
voltage = 800 V, pressure = 4x 107" mBar, magnct power supply = 50 V

4.6.2.2 OPTIMIZATION OGF THE BEAM CURRENT BY VARYING THE ARC
VOLTAGE AND THE PRESSURE

Figure 4.16 shows the beam current in A as a function of arc voltage at a pressure of 107 mBar
and an extraction of 8 kV for the Van de Graaff PIG ion source. The arc current also increases
as the arc voltage 1s increased. As expected the beam current for all three Hydrogen ion species
increases wit the arc voltage and arc power. This indicates thal the source shonld be operated at
an arc voltage just below the sparking imil. The life-time of the source 15 finuted to only five to
six days by spuitering, a process that is strongly enhanced by high arc currents and voliages, of
the cathode and anit-cathode electrodes.

Figure 4.17 shows the beam current in A as a function of the pressure in the beambine of the
ion source test bench. Al pressure values below 9x107° mbar the proton beam eurrent increases
sharply with decreasing pressure.  This shows that to obtain intense proton beams the source
shottld be operaied at a pressure just above the value at which the source becomes unsiable.
Emittance measurements, similar to those for the hot-cathode duoplasmatron ion source have

been made for the PIG ion source. A value of 347 mm mrad for 96 % of the beam intensily has

45



been obtatned.
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Fignre 4,16: Measurea peant currcny 1or QITIETEND 11VArOREN 100 specics as a runction of the arc
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4.7 CONCLUSIONS

The operating principies of the two duoplasmaron 1on sources aned the PG source available for
the Van de Graaff accelerator have becon determined qualitatively, mainly by studying the
extenstve literature on jon sources. No quanitdalive treadment of such sources by which thetr
performatice can be caleulated in terms of their dimensions, the applied vollages and the gas
florwr could be obtained from the literature. The main characteristics of the three sources have
theretore been determined cxperimentally on an 1on source test bench. Important parameters of
the sources such as the pressurc and temperature in different regions of the sources could,
because of space limitalions, not be measurcd.  However, tn spite of these limitations 1o the
quantitative understanding of the sources, suffictent information to conlinue with the study of
the heami transport through the Yan de Graall accelerajor and its beamlines could be obtained
from these measurements. Wilh regard 10 beam intensity, life-time and gas consumption the
measurements showed that the hoi-cathode duoplasmalion s at present by lar the most suitable
source for the van de CGiraall accelerator. In fulure microwave lom sources could be constdered

for the Van de Graaff accelerator for higher beam intensitics and better beant qualiny.
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CHAPTER 5

UPGRADING OF THE VAN DE GRAAFF ACCELERATOR

S0 INTRODUCTION

The Van de Graaff accelerwtor at 1Themba [ ABS was manufactured by Iigh Vollage
Engineenng Corporation, Burlinglon Massachusetts, US.A, and installed at laure m 1962,
During the past few years numcrons breakdowns oecurred, dug to ageing of components, The
time needed for servicing the aceelerator and tuning of the beam mereased by more than 600%
from 1999 1o 2004, The beam quality and intensity were seldom sullicient for the scheduled
gxpenments to be performed. A major upgrade of the whole facilidy, with the aim of Increasing
{the refiability of the accelerator and beamlines and improving the quality of the beam [rom the
accelerator, started in 2002, I is esumated that the upgrade will extend the usefut lifetime of
the Van de Graaff by approximately a further 10 to 13 vears.

An important aspect of the upzrade was a thorousgh study of the heam optics from the ton source
to the exit of the accelerator, W order to understand the poor beam {ransmission at terminal
voltages below 3 MV and also to find meuns of increusing the beam intensity delivered by the
accelerator.  During operation of the acceleralor over a period of months 1t was found
impassible to match the focusing condition of the beam at the exit of the accelerator to the
admittance of the beam line with the lon source at extraction voltages of more than 5 kV. with
the onginal desipgn of the clectrode conliguration and power supplics. Liniiting the sxttaction
voliage to less than 5 KV has, however, a huge inlluence on the maximum beam current that can
he oblained from the ion source and therefore on the beum indensily available from the
accelerator. To understand this behavior and to find a solution to the problem the beam optics of
the accclerator has to be fully understood. The sofiware prosrams TRANSPOR'T, G and
TOSCA were used 1o calculate the beam characteristics. The detailed investigation of the beam
optics as well as the modifications to improve the transmussion through the accelerator and the

heam intensily at the exit of the accelorator will be discussed in the rest of the chapter,
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5.2 LAYOUT OF TIIE VAN DE GRAAFF ACCELERATOR

Yor the calculation of the clectrostatic [ields and paths of charged particles in the accelerator the
dimensions of the accelerator electrodes and the distances between them have to be known
accurately,  Since no proper drawings of accelerator componcnts weore avatlable at the
beginning of this study all the components in the terminal section were dismantled and detailed
deawings of every component were made. A photo of the high-voliage terminal section is
shown in figure 5.1 with the dome removed, was also made and used 1o calculate the clectric
fickd and particle paths,

Figures 5.2 and 3.3 show the layont of the components 1n the terminal scetion. The 10m source,
al the lop 1n Hgure 5.2, 18 al a positive voltage of several kilovolts with respect {o the extractor
clectrode. A particle beam, exiracled from the source, next passes throosgh two flat plates,
steerer | in figure 5.2, with a wapered zap opening downwards to accommeodate the diverging
heam, that are ysed to steer the beam transversely by adjusting the voltage of lhe DC power
supply connecled between them, One of these two plates is connected o ihe exiraclor
gleetrode.  Since the potential difference between the two plates is typically of the order of a
few hundred volt the gain in energy as parlicles move from the extraclor electrode to the gap
between the plates 15 small s comparison with the particle energy at flus point in the
aceclerator, While the particles mave itom the gap between the plates 10 the first of the three
clectrodes of cinzel lens 1 the slight gain 10 energy in the steerer is losl apain since this
clectrode 1s at the same clectrostatic podential as the extractor electrode. The second clectrode
of the cinzel fens 1 is at an adjustable neganve potential, of typically several hundred yolf, with
respect to the 1on source, which means thal it is ar a positive voliage of the order of kilovolts
with respect 10 1he first electrode of the lens. The thind clectrode is again at the same polential
as the extractor elecirode, 1.2, at a ncgative potential of the order of kilovolis with respect to the
sceond electrode of the lens. Particles 1n the beam therefore loose a large fraction of their
energy 10 the lirst gap of the lens and gain the same amount of encrgy in the sccond gap while
the beam 15 focused m both directions perpendicular (o the axis of the acceleralor in both gaps
of the lens. In the first half of the Hrst gap it s defocuscd and in the second half focused, bul
because the particles are strongly retarded in the gap they remain a longer time n the second

half of the gap, where the force on them is directed tinvards the axis, than in the first half of the
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Figure 5.1: The high-vohage tenminal of the accelerator with the dome removed.
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gap, where the force 1s directed away from the gap. The opposite happens in the sccond gap in
which the particles gain cnergy and remain for a longer tume in the fiest half of the gap, in which
the force 15 directed towards the axis, than in the seeond half of the zap, m which the foree 15
dirceted away from the axis, The voltage on the cinzel lens 1 is adjusted to locus the beam on a
collimator dircetly downstream from the next component i figure 5.2, the Wien filter. The
Wicn filter consists of two parallel plates, between which a DC voltage is applicd, in the pole
gap of a permanent magnet with the plales perpendicular to the poles, resulting in an electrie
ficld perpendicular to the mametic field, and is used to seleet ions with a specific charge-to-
mass ratio rom the different 1ons species such as for example Hy il;' and H' and some heavy
ions that are delivered by the duoplasmatron ion source. By adjusting the voltage the firce on a
particle with speed v, mass m, charge q due to the ¢lectric E van be made equal m magnitude
but opposite in dircetion to the force duc to the magnetic field B: qE = gvB. Only particles with
a speed v = B/B will theretore pass through the collimator behind the Wien filter. Al an ensrgy
of a fow keV the speed of the particles can be approximaiced by v — {EqV;‘m}m, with ¥ the
potential difference through which the particles have been accelerated from rest. By selecting a
particular value of v for particles with the same cnerpy a particular charge-to-mass ratio is
selected, In the case of the Wien filler two power supplies, one positive and one negative with
their common ¢clectrodes connceted 10 the third electrode of cinzel lens 1, are used to create the
clectrie ficld between the plates, with the result that for particles moving on the asis of the
accelerator there is no change in enerpy along their paths through the Wien filter. Particles
moving off the axis will gain and loose energy along their paths through the Wien {ilter, but wall
gxperience no net change in encrey,

The collimator alier the Wich l"l]_tcr i followed by the buncher electrodes, to one of which a
high-frequency voltage 18 applied when pulsed heams are required, and a lens, called the gap
lens, which focuscs the beam, in the same way as an einzel lens. as well as aceclerates the
analyscd beam.  Between the gap Jens and the cinzel lens 2, that focuses the beam al the
entrance ol the accelerator, there arc three scts of steerer plates as shown in figure 5.3, all of
thern with positive and negative power supplies to leave the energy of particles on the axis
unaltered along their paths, to alizgn the beam with the axis of the accelerator, In the accelerator
tube, in which there are in total 140 electrodes, all similar in size and shape, the beam is
accelerated to ground potential, The final beam cnergy 15 determined by the potential of the
high voltage terminal with respect to ground potential.  The accclerator tube has a relatively

small optical strength and introduces only small vaniations m the optical propertics of the heam
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formed n Lhe terminal section of the aceelerator,

53 COMPUTER PROGRAMS FOR THE CALCULATION OF BEAM
CHARACTERISTICS

The computer programs TRANSPORT [Car?2, 81], and TOSCA [BorS7] were available at
iThemba LABS for the caleulation of particlz paths through the accclerator. In otder to include
space-charge elfects in the calculations the program IGUN [Bec92, Bee93, Bec98] was
acquired. The resulls obtained with the different codes are discussed and compared and also
compared with cxperimentally obtained data. Finafly, the applicability of the three computer

codes for this specific task s reviewed,

5.3.1 THE COMPUTER PROGRAM IGIIN

IGUN {an acronym for lon Gun) 15 a two-dimenstonal ray tracimg code that has been developed
for simulation of the extraction of positive ions from plasimas. A pre-processor, GPED (an
acronym for Graphic Polygon Editor) for IGUN, has also been developed to set up the boumdary
conditions, mcluding the defimtion of intemnal electrodes, dielectne boundarics, and slanted
MNeamann boundanes (feld lines as boundary elements).  The boundary input s mesh
wdependent and can use any coordimate system {rom a drawing, and the program accepts any
offsets in coordinate values. The output of cqupotentials, ficld lines and particle trajeclories,
which can be used in further runs of the program has the same offsets and usc the samc units,
which greatly eases the organization of concatenated runs, ¢.g. with higher mesh resolution in
the plasma region and fower raesh resolution further on downstream,  Special post processor
programs allow outpul to be senl lo pen plollers, using the programs HPGL and XHPPLOT, to
postseripl prnters with the program XPSPLOT. or converted 1o AUTOCAD files (ALTTOCAD
15 the name of a company and CAD i1s an acronyim for Computer Aided Design).  Another
computer program, DXFPLOT, is available for further processing of the data.

The propram has found widespread application in the optimization of electrode design, which
has resulted in well-acknowledged feedback for improvements from users.  Results of
caleolations with IGUN have been compared with those obtaimed with more claborate and
gxpensive compoter programs at CERN {European Organization for Nuclear Research) [Han(01]
as well as with known solutions and experimental data, for the same electrode scomeiry.

Although the different programs agree within 2% with approximate analytical solutions for
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as well as with kmown solutions and experimental data, for the same electrode geonetry.

Although the different programs agree witlun 2% with approximate analytical solutions

for space-charge calculations and within one in 2 thousand of the maximum veltape for

the calculation of potential distributions, the calculated emittance 18 209 lower and the

calculated transmitted cument 30% higher than could experimettally be oblained. Figure

5.4 shows the results of typical caleulation that was done with the program IGUN for the

high-voltage terminal for the Van de Graall aceclerator.
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Graaff accelerator. calculated with the program IGUN for a round jon source apenurce of 3 mm
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filter, is at zero potential.

58



The voltages on the electrodes, oblained by optimiving the beam through the Van de Graaff
accelerator have been used fo calculate the bean profile, shown in figure 5.4, with IGUN. The
program adjusis the plasma density at the 1on source aperture automatically and traces the paths
of particles, tuking spacc-charge forces into account. through the electrodes and collumators, [n
the calculated beam profile the focal poins of the beam coineide with the positions of the two
collimators, which 15 cssential for good transmisgion through the machine, 11 can theretore be
concluded that the heam profile in the accelerator can be caleulated with the program [GUN

with reasomable accuracy and thal TIGUN can be used for design of new clectrode

configurations.

532 THE COMPUTER PROGRAM TOSCA

The TOSCA analysis package, for the calewlation of three dimensional magnetoslatic and
electrostatic fields, a module of the OPERA-3d integrated suite of finite element software for
3D clectromagnetic destgn, analysis and simulation, 15 2 commergial software product from
Veotor Ficlds in the UK, [VecO4]. The TOSCA-module uses a discrete linite element model to
solve partial differential equations governing the behavior of static electric and magnetic fields
in three dimensions, The 31 POST-processor interfaces to the TOSCA databasc which comtains
lhe calculaled electromagnetic field disiribution and allows the user o display the results of the
analysis in a number of ways, e.2. by tracking of particles through the calenlated ficlds. A set of
standard operating values for the cxtraction voltage and the different lenses hetween the 1on
spurce and the accelerator tube, obtained by optimizing the beam transnussion through the
accelerator experimentally, were used to caleulate particle orbits through the Van de Graaff
accelerator.

There 15 very good agreement between results obtained with the programis IGUN and TOSCA
45 can be seen by comparing the beam envelopes in ligures 5.4 and 5.5, The calculated
positions of the two local points. at the collimator foltowing the Wien filler and the collimator
at the entrance of the accelerator, with TOSCA and IGUN agree within a few millimeters,
although the OPERA package does not lake space-charge forces inlo account.  The results also

correspond well with the meastwed beanm transmission through the different apertures in the

terminal,
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Figure 55 Beam envelopes calculated with the computer program TOSCA. The

trajectonies of a number of particles with the same starting position but different angular
deviations are shown, The voltages on the electrodss are the same as those which have been
used with the proeram IGUN in figure 5.4.

5.1.2 THE COMPUTER PROGRAM TRANSPORT

For the design of beam lines, it is convenient to consider the bebavior of the beam in
phase space m addition to the dimensions and position of the beam in laboratory space.
lFor this purpese the computer program TRANSPORT is used im all mujor accelerator
laboratories. The program calculates first-, second- and third-order effects by matrix
multiphication. Matrices are used (o describe the beam optical elements and the charged
particle beam itself By successive matrix multiplication the transmission ot particles
through 4 beam line can be calculated. The progrum can alse vary the physical
parameters of the line to fit the elements of matoces in order to obtain values and
conditions, which arz specified by the user. The program calculates the beam envelope
ard beam transter matrices for the whole beam line, using values for the physical
parameters specified by the user. Prntout of the mesults is also available on request.
Provisien is made o vary some of the input parsmeters to achieve a desired tinal beain.
The beam envelope obtaned with the program TRANSPORT for experimentally
obtained voltage values for the different lenses did not give a good agreement with the
other iwo programs
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TOSCA and IGUN and also not with the experimental measurements. The main reason for this
discrepancy is the way that electrostatic lenses are simulated in the program. The einzel lenses
are specified only by the voltage of the center electrode and the gap between the center
electrode and two outer electrodes. There is no way to specify the radius of the different
electrodes. From calculations with IGUN and TOSCA it could be shown that the radii of the
different electrodes have a huge influence on the focusing properties of an einzel lens. The
beam envelope calculated with the program TRANSPORT for the experimental values of
voltages on the different lenses is shown in fig 5.6. This beam has a focal point about 40mm in

front of the collimator following the Wien filter, but no focal point at the entrance of the

accelerator,
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Figure 5.6. Beam envelope calculated with the program TRANSPORT(see Appendix B). The
trajectories of two particles with the same starting position but different angular deviations are
shown. The voltages on the electrodes are the same as that which have been used with the
program IGUN in figure 5.4 and TRANSPORT in figure 5.5.
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Transverse beam displacement (mm)

It is, however, possible to obtain with TRANSPORT the same beam envelopes as those
calculated with the programs IGUN and TOSCA by artificial modification of the lengths of the
center electrodes and the gap lengths of the different einzel lenses in the program
TRANSPORT. The center electrodes and gap length were modified in such a way that the
over-all length of the different einzel lenses remained the same. Figure 5.7 shows the beam
envelope calculated with the modified gap and center electrodes lengths of the einzel lenses.
Future calculations can now be done with TRANSPORT, which is much faster than the other
two programs, using the modified apertures of the lenses. The results of calculations done in
this way with TRANSPORT show satisfactory agreement with those calculations with TOSCA.
The three computer programs can now with confidence be used to study various aspects of the

optical characteristics of the Van de Graaff accelerator.
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Figure 5.7: Beam envelope plots calculated with the program TRANSPORT(see Appendix B)
through the Van de Graaff accelerator tube. The calculations done with TRANSPORT and TOSCA
show satisfactory agreement.
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5.4 CALCULATION OF THE OPTICAL CHARACTERISTICS OF THE
VAN DE GRAAFF ACCELERATOR

For the calculation of the beam optics through the accelerator over its full length only the
program TOSCA and TRANSPORT have been used, since the number of data points required
to represent the accelerator tube exceeds the maximum number available in the program IGUN.
The results from TOSCA can only be evaluated against the beam width measured at the exit of
the accelerator. If the measured beam width at the exit of the accelerator agrees with the width
calculated with TOSCA it could be accepted that the beam optical characteristics of the
accelerator can be calculated reasonably well with the program TOSCA, especially since the
TOSCA results for the terminal section agreed with those of IGUN. The possibility of adapting
the accelerator electrodes for the program TRANSPORT to match the results obtained with
TOSCA has also been investigated.

For calculation of the beam characteristics in the Van de Graaff accelerator the dimensions of
the electrodes in the accelerator tube, which consists of two tubes, are required. The available
drawings of the tubes are assembly drawings that show little detail. The dimensions were
therefore determined by accurately measuring the electrodes in a set of spare tubes. The beam
characteristics, as calculated above in section 5.3, at the end of the terminal section were used as
the starting condition for the accelerator. The results of the terminal section and the accelerator
were then combined to give an overall calculated beam envelope from the ion source to the exit
of the accelerator.

The beam envelope calculated with TOSCA is shown in figure. 5.8. The settings that were used
for these calculations‘correspond to the experimentally determined optimal settings for the
power supplies of the electrodes in the terminal and accelerator. The measured beam width at
the exit of the accelerator agrees very well with the width calculated with TOSCA.

The dimensions of the gaps between the first few electrodes of the first accelerator tube were
modified in the program TRANSPORT to obtain similar focusing conditions at the exit of the
accelerator as with the program TOSCA. The beam envelope calculated with TRANSPORT,
- with the modification to the gap lengths, is shown in figure 5.9. The correlation with TOSCA is
good and in the future the transport input file can be used to calculate beam envelopes in the
Van de Graaff accelerator for different settings of the electrode potentials. It is much faster to

do the calculation with TRANSPORT than with the program TOSCA.
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Figure 5.8: The beamn profile from the on souree to the exat of the accelerator, calculated with
the program TOSCA. The beam width and the fecusing condition of the beam at the exit of the
acccleralor agree very well with the measured beam protile.

5.1 MODIFICATION O THE VAN DE GRAAFF ACCELERATOR FOR
HIGHER BEAM CURRENTS OVER A WIDER ENERGY RANGE

55.1 INTRODUCTION

With the beam behavier in the accelerator now fully undersiond, the poer beam ransmission
through the accelerator at terminal voltages below 3 MV and means ol increasing the beam
intepsity available from the accelerator can be investipated. During operation of the accelerator
over a period of years il was found impessible to match the beam emittance at the exit of the
accelerator to the admittance of the beamn Ime, at extraction voltages of more than 5 KV, with the
prescut design of the lens electrode configuration and power supplies. Limiling the extraction
vipltage to less than 5 KV has a strong influence on the maximum bearn current that can be obtaincd
from the jon source amnd therefore on the beam intensity available from the accelerator,

Modifications to the Ienses in the terminal section of the accelerator to solve these
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Transverse beam displacement (mm)

problems will be investigated, mainly by doing beam envelope calculations with the programs
TOSCA.

Distance along the axis (m)

Figure 5.9: The beam profile calculated with the program TRANSPORT from the ion source
to the exit of the Van de Graaff accelerator. The gaps of all the einzel lenses, as well as the first

few acceleration gaps of the accelerator tube, were modified to yield the same beam profile as
that calculated with the program TOSCA.

5.5.2 BEAM TRANSMISSION THROUGH THE ACCELERATOR AT TERMINAL
VOLTAGES BELOW 3 MV

To investigate the poor transmission through the accelerator at terminal voltage below 3 MV the
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beam profile from the ion source to the exit of the accelerator was calculated with the program
TOSCA, using experimentally determined voltages for the different lenses as starting
conditions. By linear scaling of the ion source extraction voltage and the voltages of the
electrostatic lenses in the terminal section with the terminal voltage of the Van de Graaff
accelerator the beam envelope in the accelerator remains constant as expected. It is therefore
clear that there is nothing inherently wrong with beam focusing in accelerator. However, it
follows from these calculations that the proper beam focus at the exit of the accelerator can only
be obtained with the correct focusing condition at the entrance of the accelerator as well as the
correct injection energy into the accelerator.

With the current layout it is possible to get the correct focusing condition at injection into the
accelerator, but not the required beam energy. There are two parameters that influence the
injection energy: the extraction voltage and the voltage on the gap lens. For lower terminal
voltages the voltage on the gap lens has to be decreased linearly with the terminal voltage to
keep the beam focus at injection constant, and can therefore not be used in addition to adjust the
injection energy. The only other parameter with which the injection energy can be varied is the
extraction voltage of the ion source. Lowering the extraction voltage below 5kV has, however,
a detrimental effect on the beam intensity that can be extracted from the ion source. Therefore,
to extract sufficient beam current from the source the extraction voltage has to remain above
5kV with the consequence that the injection energy into the accelerator is too high. Working
with a higher extraction voltage than required for injection into the accelerator implies that the
voltage on the gap lens has to be increased to give the correct beam focus at injection, but this
would increase the injection energy even further. With much too high injection energy the
beam is no longer properly focused in the accelerator. This is the reason for the poor beam
transmission through the accelerator and also why the beam at the exit of the accelerator is also

not properly matched to the beam line.

553 IMPROVEMENT OF BEAM TRANSMISSION THROUGH THE
ACCELERATOR AT TERMINAL VOLTAGES BELOW 3 MV AND ENHANCEMENT
OF THE BEAM CURRENT

To solve the problem of the injection energy into the accelerator a method is needed with which
the injection energy can be adjusted, preferably without varying the beam focus in the terminal
section. For this an additional focusing element is needed in the terminal section. By installing

an additional focusing element close to the gap lens this additional lens can fulfill the focusing
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properties of the gap lens and the gap lens together with the extraction voltage can then be used
to adjust the injection energy of the beam at the entrance to the accelerator. Although the gap
lens would still have some influence on the focusing this could easily be corrected by
adjustment of the focal strength of the additional einzel lens.

With the present layout of the terminal section extensive changes have to be made to install an
additional lens. To solve this problem with the minimum interruption to the normal operating
schedule the possibility of using some of the buncher electrodes as an additional lens has been
investigated. The buncher consists of three electrodes. The alternating voltage for acceleration
of pulsed beams is applied to the central electrode. The first electrode is at ground potential.
An additional einzel lens can be implemented by using the first electrode of the buncher as the
central electrode of an einzel lens. The collimator that follows the Wien filter could be the first
electrode of the einzel lens and the central electrode of the buncher the third electrode of the
einzel lens. The position of the additional einzel length is shown in figure 5.2.

With this configuration of the additional einzel lens a large number of beam envelopes have
been calculated. These calculations show that the injection energy as well as the focusing can
be adjusted independently. Figures 5.10 and 5.11 show beam envelopes from the ion source to
the exit of the accelerator for different extraction voltages of the ion source, as calculated with
the program TOSCA, are numbered 1-6 correspond to initial divergence values ranging from 20
to 2mrad, respectively. A, B, C and D indicate einzel lens 1, the additional lens, the gap lens
and einzel lens 2, respectively. The beam width and the focusing condition of the beam at the
exit of the accelerator agree very well with the measured beam profile. The results are in
-agreement with those calculated with the program TRANSPORT. The beam profiles through
the accelerator in the two cases are practically the same because the injection energy into the
accelerator is scaled according to the energy of the accelerator and the focusing condition af
injection into the accelerator is practically the same for both cases. The injection energy was
matched by using the gap lens and the focusing at injection was matched by using the additional
einzel lens. With this additional lens it is now possible to increase the extraction voltage to a
value that extracts sufficient beam intensity from the ion source and while the injection energy

and the focus of the beam remain matched to the accelerator.

554 RESULTS OF MEASUREMENTS

An additional high voltage power supply was installed in the high-voltage terminal, where space

is severely limited, to implement the additional einzel lens. The first measurements
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with the additional lens gave a huge increase in the beam current and also a well-matched beam
at the exit of the accelerator. The first measurements with the additional lens yielded a factor
two increase in the beam current as well as a well-matched beam at the exit of the accelerator.
The beam brightness increased by a factor of more than three to a maximum value of 26
pA/(um’mrad®MeV) for a beam intensity of 700 pA and typical settings of the microprobe and
spot size of 2-3 um. This is a factor more than 3 to 4 increase in beam intensity. In the future it
will be possible to increase the beam current at the exit of the accelerator even further by
operating the accelerator with higher extraction voltages. At the moment it is, however, not
possible because the output of the power supply of the additional einzel lens is limited to only 3
kV and it is running close to its maximum value. In the near future, middle of 2005, the power
supply will be upgraded to 6 kV, at which operation with higher extraction voltages, and
therefore higher beam intensities from the ion source, will be possible. The beam current

delivered by the accelerator will also improve.
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Figure 5.10: The beam envelopes from the ion source to the exit accelerator, as calculated with the
program TOSCA, are numbered 1-5 correspond to initial divergence values ranging from 20 to
2mrad, respectively. A, B, C, and D indicate einzel lens 1, the additional lens, the gap lens and einzel
lens 2, respectively. The effect of the additional lens B can clearly been seen. The beam width and
the focusing condition of the beam at the exit of the accelerator agree very well with the measured
beam profile. The beam energy is 2 MeV at the exit of the accelerator
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Figure 5.11: The beam envelopes from the ion source to the exit accelerator, as calculated with the
program TOSCA, are numbered 1-6 correspond to initial divergence values ranging from 20 to
2mrad, respectively. A, B, C, and D indicate einzel lens 1, the additional lens, the gap lens and einzel
lens 2, respectively. The additional lens B is not switched on. The effect of the additional lens B can
clearly be seen. The beam width and the focusing condition of the beam at the exit of the accelerator

agree very well with the measured beam profile. The beam energy at the end of the accelerator is 3
MeV

Beam tuning in the accelerator is now much less time-consuming, due to the fact that the
focusing of the beam and the injection energy of the beam is decoupled. In the past when the
gap lens was set for the focusing the injection energy change and thus all the elements in the
terminal section that follow the gap lens have to be changed to compensate for the change in
energy. With the present lens configuration the gap lens and the extraction voltage are adjusted
for the required injection energy. Thereafter the additional einzel lens and einzel lens two are
adjusted to match the beam to the accelerator. This is a much faster procedure than in the past.
Since twice as much beam as in the past is now available it is no longer necessary to fine tune
the machine for hours on end to obtain sufficient beam intensity. Even with the focusing and
steering elements not properly set up the intensity gain is still more than 50% compared to what
it used to be in the past. The setup time has therefore also been reduced since fine-tuning of the

optical elements is no longer necessary to achieve the required beam intensity.
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6. CONCLUSIONS

The dimensions of the electrodes and the distances between them were measured and
documented for calculation of the beam optical characteristics of the accelerator. Different
computer programs have been used for these calculations from the ion source through the
terminal section, the accelerator and beam line up to the Nuclear Microprobe (NMP). The
results obtained with the computer programs IGUN, which includes space-charge effects, and
TOSCA yielded similar results for the beam optics in the terminal section and compared very
well with the experimentally determined optimum voltages on the different lenses. The
computér program TRANSPORT is, however, not suitable for accurate calculation of beam
profiles through complex electrostatic lenses, because no provision is made in the program for
different lens shapes. The only parameters that can be specified in TRANSPORT are the
voltage and the gap widths between the different sections of a lens. However, if the beam
envelope is known from calculations with the programs TOSCA or IGUN, the gap sizes of the
different lenses can be adapted to yield the same beam envelope with TRANSPORT as obtained
with TOSCA and IGUN. With these modified gap sizes known further calculations for
different energies and lens settings can be done with TRANSPORT, which is easier and faster
to use.

Once the beam characteristics from the ion source through the accelerator could be calculated
accurately and were fully understood, the problems experienced in the past with poor beam
transmission below terminal voltages of 3 MV and the limitation of the maximum extraction
voltage to 5 kV could be explained. A simple and complete solution to these problems was
found by using existing electrodes in the terminal section, and without modifying this very
complex structure, as an additional einzel lens. Higher beam currents are now available,
terminal voltages below 3 MV can be used without deterioration of the beam characteristics and
the voltages on the electrodes are no longer critical.

Detailed and accurate knowledge of the beam characteristics in the accelerator from the source
to the exit are now available and can, together with the measured ion source characteristics

discussed in the previous chapter, be used for future development work.
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Chapter 6

THEORETICAL BACKGROUND ON NUCLEAR
MICROPROBE APPLIED TO BIO-MEDICAL MATERIALS

6.1 INTRODUCTION

The Nuclear Microprobe (NMP) is an accelerator based technique used for elemental
microanalysis, with imaging capabilities and particularly suitable for the measurement of
trace elements in bio-medical tissues [Wat87, Joh95,]. World-wide in the last two
decades it has been applied extensively in areas such as materials science, geology and
archaeometry, and has currently found a prominent role in the biomedical sciences where

a relatively high resolution probe and adequate detection limits are required [Vis84,

L1a98, Pro00].

It makes use of the numerous types of prompt-emitted radiations resulting from the
interaction of MeV charged particles with matter. Particle Induced X-ray Emission
(PIXE), Proton Backscattering Spectrometry (p-BS), Particle Induced Gamma-ray
Emission (PIGE), Nuclear Reaction Analysis (NRA), are techniques which can be
simultaneously carried out using a particle microbeam. The NMP competes with many
other techniques available for high-resolution characterization of materials, and therefore
it has become essential to equip this instrument with the latest technologies available to
stay competitive. It has also become clear that the NMP has superior performance in

particular areas of application such as in biology and medicine [Mor96, Prz99, Pro00].

A major goal for research in bio-medical science over the last few decades has been to
quantify the concentration of elements, particularly trace elements (TE) in human tissues.
Considerable amount of research has been carried out to elucidate the effect of

accumulation of certain trace elements in human organs and tissues [L1a98, Mor96,
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Vis84]. Both deficiencies and excesses of the concentration of these TE may induce a
wide range of pathological disorders in the human body which will detrimentally affect
the standard of health as a whole. On the other hand these toxic elements are known to be
harmful even at extremely low concentrations [Vis84]. For these reasons trace element
analysis by ion beam techniques has become important both in medical research and as a

diagnostic tool [Nur 01, L1a98, Bar96].

The nuclear microprobe, with its high sensitivity, remarkable quantitative accuracy and
useful structural imaging capabilities, is at present one of the most valuable instrumental
methodologies to carry on or develop new interesting cross-disciplinary between nuclear
microscopy and medical studies. Research problems such as the study of kidney
concretions, teeth erosion in children or hair trace elements profiling are some of the
many applications where NMP allows measurements with excellent scanning capabilities,

particularly for elements heavier than magnesium [Bar 96].

The NMP unit at iThemba LABS has for many years focused its research programmes on
studies of biological material, ranging from applications in medicine to agriculture and
botany. Recent optimization work on the VDG accelerator optic systems has improved
the quality of critical physical parameters such as the aberration components of the beam
pulse and therefore facilitate the increase on beam resolution at target surface (see Chap.
4 and 5). Coupled with all the improved optimal properties, the NMP globally and at
Ithemba LABS in particular has become in the last decade, an established tool for a
variety of applications related to the characterization of hard and soft human tissue as

well as the TE variability in relation to the respective medical problematic.

A number of analytical techniques has been implemented at the NMP, iThemba LABS
where highly energetic ions (H', H,*, He" with energy per nucleon of ~1.5 -3 MeV) are
used to irradiate and characterise sample materials. These ions penetrating the target
interact with orbital electrons and nuclei of the elements present in the irradiated target
volume. This leads to excitation of orbital electronic shells and sub-shells (figure 6.1),
which rearrange after spontaneous emission of electromagnetic radiation (X-rays, Auger

electrons and light). Furthermore the ions can be backscattered by the nuclei or even
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cxcite nucled, which resalts in the emission of yrays, X-rays and secondary particles.
Since the interaction processes depend on the cncountered aloms, on the stucture of the
samplc and on the sort and energy of ions, the detection of and energy quantification of
these secondary producls aliows the determination of the elementul content and their
distribution in a sample. |But97]. The mosi importans techniques used at fthemba LABS

will be described in the next sections below.

r-rays 3 PIGE

STIM

IL

® nucleus
® clectron
® ion X-rays

PIXE

Figure (6.1) Schematic illustration of the origin of the lom Beam
Analytical Methods. Proton nduced Gamuna-ray Eimssion (PIGE),
Rutherforford Backscautcring (RBS), Proton Induced X-ray Emission
(PIXE), Scamting Transtnission lon Mictoscopy (STIM), Scanning
Electron lmaging (SEI), and lonoluminescence (IL) [But97]

6.2. PARTICLE-INDUCED X-RAY EMISSION (PIXE)

PIXE is an analytical method based on atomic physics principles. The specimen to be
analyzed is irradiated by accelerated, charged particles (ic. prolons}. Charactenstic X-

rays are produced by the creation of vacancies i the imner electron shells, fellowed by
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the subsequent filling of those vacancies by the less tightly bound electrons from outer
shells. Since the energy of the X-rays is equal to the energy difference between binding
energies of the electrons in the two shells, each element has a set of characteristic X-rays
which are energetically unique. These can be analyzed with the aid of a suitable energy-
dispersive spectrometer system [Joh95]. Electron vacancies in atoms can be generated
with photons, X-ray Fluorescence (XRF), or with charged particles (PIXE). Several
books about the theory and practice of the PIXE principles are available in the literature
[Joh88, Joh95].

Protons emerging from the Van de Graaff accelerator are injected into the beamline
through an analyzing magnet and then directed horizontally over a distance of several
meters to the specimen chamber by simple magnetic or electrostatic dipole steering
elements (refer to Chapter 1-5 for more detailed information). A very important aspect of
PIXE is the sensitivity that can be achieved under normal routine operating conditions.
The main limitation of its sensitivity is the amount of background (secondary electron

and bremsstrahlung) interfering with the characteristic X-ray lines.

There are a number of significant sources of background, which contribute to the
experimental background. The projectile bremsstrahlung arises from scattering with
nuclei in the target and contributes a fairly uniform flat background over the whole
energy range of the X-ray spectrum. Moreover the intensity of this background is lower
than for an electron beam by about six orders of magnitude [Wat87]. The PIXE method
has the advantage that it is multielemental and yields results for a wide range of elements
in a single irradiation. The simplest case is that of a thin film, in which matrix effects are

negligible.

6.2.1. THICK TARGET PIXE (TTPIXE)

The application of PIXE for the determination of elemental composition in thick target
materials is 6ﬁen referred to as thick target PIXE (TTPIXE). As for thin films, most of
the advantages are retained for thick targets. However, heat-sensitive specimens may be

damaged during irradiation and the detection limits for some elements may be
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detrimentally affected, due to the intense low energy background generated by fast
secondary electrons. The methodology of TTPIXE used in the macro-mode can equally
be applied in the micro-mode. However, even though the principles of the technique are
applicable in both environments, some effects, often neglected in the macro-mode using
unfocused ion beams, can determine the accuracy in the micro-mode [Pei87, Pin92,

Cam90, Joh95], in particular the problem of pile-up and sum peaks.

Several ways to deal with this exist but the most popular is the use of electron
suppression ring (applied voltage of -1500 V) with carbon coating of the surface
specimen. With this in mind the quantitative evaluation of the elemental X-ray yields and
concentrations in a thick-target requires a very good understanding and knowledge of the
matrix composition under investigation. In order to better understand the quantification of
elemental concentrations in TTPIXE the evaluation of the simpler thin-target case

algorithm will be described followed by the full description of the thick target case.

A thin material is defined as one in which the energy loss of a bombarding proton beam
is negligible. The X-ray yield, Y,(Z) (in counts per second), for an element with atomic

number Z and atomic mass A,, in_a thin film of areal density M, (Z) (in pg.cm’),

bombarded with proton beams of energy E (in MeV) is given by
Yo(Z) =N, M, (Z)o,(Z ,E)w,be,N QT / 4, (6.1

Where,

N, is the bombarding cuzrent (in protons per second),

o,(Z,E) is the ionization cross section of element Z, at energy E,
o, is the fluorescence yield,

b, is the branching ratio,

g, is the detection efficiency for the measured X-rays,

N is the Avogadro’s number,

Q2 is the solid angle subtended by the detector,
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T is the transtnission fraction with T =& ™" ; jiris the total mass attenuation coefficient
and X is the depth within the target from which the X-ray linc oniginate.
If we define the constant factor k(Z} which includes geometrical factors and wield
constants, by:
KZ= wbe N LA 6.2)

then

Yold)= N, M (D) kZ) o,(Z. Lt (6.3}
T is the transmission tactor and has the value of unity when there is no absorption of the
measured X-ray within the target material. Table (6.1) shows the tumsimission fractions
for the K, line of elements with 20 < Z < 38 through an Al (102 pm) and a Be (125 pm}
ahsotbers, which are the most frequently used in this work. The K-shell jonization cross
sections for 3.0 McV protons are also shown to emphasise the excitation function of
lighter elements which are absotbed by the 1two difforent absorbing materials, Similarly
values for the mentioned parmnelers of the L-shell are presented for lead. The
transmission fuctors even for proton energy loss of few bundredih of keV from lighter

elements such as Calo Cr, is still significant.
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Figure(6.2) Relationship between the transmission fraction and the cnergy of K, X-
rays for clements with 20 £ Z < 38 going through Al {102 jm) and Be (125 um)
absorbers. Note that although the thresheld for X-ray transmission occurs at ~6 ke
elements wilh X-ray energies lower than this value may be detected at approprate
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76



Figure (6.2) shows the relation between the excitation energy and the absorption due to
102 pm Al and 125 pm Be absorbers. Note that although the threshold for X-ray
transmission occurs at ~6 keV, elements with X-ray energies lower than this value may
be detected at appropriate beam current rates. For a finite thin target, in which the
bombarding beam losses a small amount of energy, and the X-ray production cross
section undergoes a variation of only a few percent, the final energy, Eg, is approximately

the same as the initial energy Eg (the bombarding energy).

Table (6.1): Transmission factors (in %) for the K, line of elements with 20 <Z < 38
through Al (102 pm) and a Be (125 um) absorbers. The K-shell ionization cross
sections for 3.0 MeV protons are shown as well to emphasise the excitation function
of lighter elements which are absorbed by the two different absorbing materials.
Similarly values for the mentioned parameters of the L-shell are presented for lead.

2 | Ay | Ky (kev) Transmission Fraction® 0,(2) (Bams)®

AT (102 pm) | Be (125 pm) (nghi'gufgg)
Ca |20} 3.69 4.621x10° 0.79 2.978x10°
Sc (21| 4.09 9.796x10~ 0.84 2.178x10°
Ti [22] 4.51 8.862x10™ 0.88 1.614x10°
\% 23 | 495 4.441x10” 0.90 1.197x10°
Cr |24 541 1.464x10™ 0.92 8.921x10°
Mn |25 5.89 3.589x10~ 0.94 6.672x10°
Fe [26| 639 | 7.091x10-2 0.95 5.022x10°
Co |27 692 0.12 0.96 3.796x10°
Ni |28 747 0.18 0.97 2.879x10°
Cu |29 804 0.25 0.98 2.196x10°
Zn |30 8.63 0.32 0.98 1.676x10°
As 33| 10.53 0.52 0.99 7.593%10"
Se |34 11.20 0.57 0.99 5.878x10"
Br [35| 11.90 0.63 0.99 4.569x10"
Sr |38 ] 14.13 0.67 0.995 2.184x10"
PbL, | 82 | 10.50° 0.52 0.993 1.377x10'

a. Values were calculated with by the subroutine ABSCO, GeoPIXE [Rya90b].
b. Cross-sections values are taken from [Coh85].
¢. Value for the L, X-ray line of Pb.
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In this case the areal density can be re-defined as p(Z)dx where p(Z)is the density of
the element Z in the sample and dx can be considered as the thickness of an infinitesimal
layer of the target material, i.e. E, = E, and M, (Z) = p(Z)dx

In the portion of its path from depth x,to x,+dx, the proton energy falls fromE,

to E, —dE, and the relationship between x,and E, is

B dE
x"l{ pS(E) ©9

Where S(E) is the matrix stopping power in eV per unit thickness and p, is the total

target density.

By definition £2) is the trace element concentrationC, . Then the mass of the trace
P

element per unit area in the slice (x,,x; +dx) is,

dE

Z)ydx = C,—— 6.5
P(Z) * S (6.5)
Now equation 6.3 can be written as:
Yo(Z)= N k dE T 6.6
oZ)= N k(Z) o,(E, ,Z) Cz'g(*ﬁ (6.6)
For any layer, i, of thickness AE, , in a thick target, the yield of X-rays from element Z is
given by
AE
Y{Z)= N k(Z2) o,(E,,Z) T(E;)Czﬁ 6.7)

where T'(E,)is the absorption from a depth x, of the matrix.

The thick target material may be considered as consisting of #layers, in each of which
the bombarding beam loses an equal amount of energy, AE, and in which the mean
energy, E, is considered to be constant over the entire layer. Then the total X-ray yield
for element Z resulting from the generation of X-rays from all the n layers is equal to

- Ey IE)
Y(Z)= N k(Z)C, . Z‘: o,(E,Z) SE) (6.8)

This summation can be converted to:
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y T(E,)
Y(Z)= Npk(Z)CZE‘! o, (E,.,Z)TE’)dE (6.9)
Multiplying and dividing by the ionisation cross section at the surface o(E,,Z) which is
approximately constant then the X-ray yield can be expressed in terms of a unitless

relative ionization cross section o,(E,Z),

Y(Z)=N,K(Z)C, (}E&LI;(—ZE))@dE (6.10)
£

Where K(Z)=k(Z)o(E,,Z)is known as the geometrical factor or sensitivity factor

which determine the level of sensitivity of the PIXE detection system. Its variation with
X-ray energy and for different proton energy is shown in Fig. 6.3. The maxima at 1,2,3
and 4 MeV occur for X-ray energies which correspond to Ti, Cr, Mn and Fe respectively.

Equation 6.10 can also be written as,
Y(2)=N,K(Z2)C,I(Z) 6.11)
Where I(Z) is the integral dependent on the matrix type of the sample material and

denotes a matrix correction factor (MCF) for the yield Y in thick targets. [Pin92].
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Figure 6.3 The variation with the energy of K, X-rays of the sensitivity factors,
K(Z) for proton bombarding energies of 1,2,3 and 4 MeV [Pin92].
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Writing the inverse function of 1(Z) as F(Z)= I(Z)™, the plotted values of these inverse

MCEF as a function of X-ray energy for each element with 20 < Z < 56 and for different
proton bombarding energies are shown in Fig. 6.4. It should be noted that the corrections
due to matrix effects increase rapidly for light elements (ex: Na, Mg, Al), making it more
difficult to quantify such elements. This has to be taken into consideration for the
estimation of concentration errors (see section 6.2.3) which is heavily dependent on

theoretical databases.
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Figure 6.4 The variation of F(Z)-values with the K, X-ray energy for the
bombardment of carbon-rich materials with protons between 1 and 4 MeV
[Pin92].

6.2.2 SOFTWARE FOR EVALUATION OF PIXE SPECTRA

There are several computer codes available world-wide for the evaluation of PIXE
spectra from which GUPIX {Cam00] and GeoPIXE [Rya90b, Rya02a] are the two most
commonly used at international laboratories. The first generation of the GeoPIXE

algorithm was released on 1990 [Rya90b]. This version was implemented for use with the
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VMS Inhgital MicroComputer platform at i'themba 1. ABS [Chu93]. with o windows-like
(GGUIL The basic databascs for physical parameters required for calculations were stored as
polynomial as well as direet mterpolation {rom data tables. The exclusive need for VM5
platiorm was a limiting factor, although the software was applicable to onbine analysis as
well as ovent by event mode, The GeoPIXE code has three main sub-programs {see Fig.
6.5). 1y FLASH, 18 an nlcractive spoctrum display and manmpulation program; )
PIXE_FIT 15 a batch mode PIXE spectrum fitting program: 2} LAYER, perfomm the X-

ray yield calculation by inteprating X-ray produciion over the path of the proton beam.
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Frgure .5 Flow of data manipulation through the GeolPlXE code. Basie iopu
infurmation: databases, initial matrix composition and spectrum data, are wsed by
the mam sub-programs, TAY ER, FIXE-FIT amnd FLASH. Final report of elemenial
concentration is  given by GUO TRACE (diagram modified from original
[Ray%0h]).

Includes scli-absarpiiom and sceondary Muorescence cffcets and can treal multilayerad
targets. A unique feature of GeoPIXL is that X-ray yields are precalculaled for every X-
ray line of K and 1. shells. Uip to 16 1. Bines and 9 K lines ave treated.

Smee clemental conecntrslions ovaluatiom n Geol'IXE depends heavily on thooreneal

and expcrimental values for physical paramctors, databases quality-values for thesc
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parameters have to be acceptable. GeoPIXE build-in database-sources for most relevant
parameters are: 1) stopping power S(E) parametrisation by [And77]; mass attenuation
coefficients g by [Thi67]; X-ray production cross sections expressed in terms of the

ECPSSR ionization cross sections by [Coh85]; fluorescence yields @, by [Kra79];
branching ratios b, by [Sal74] for K lines and relative intensities [Coh86, Coh87] for the

case of L lines. A detailed discussion on the accuracy of these parameters will be given in
section 6.2.4.

An initial pass PIXE data analysis approach is used which usually incorporates the major
element composition of the sample determined by Electron microprobe (EMP) prior to
NMP analysis. This composition can be used as a first approximation for the matrix
composition and later optimized by software iteration. Furthermore this optimized
composition is used to calculate the correct X-ray yields and relative intensities of all the
X-ray lines required for all pre-determined elements (see Fig. 6.5). In cases where self-
absorption and secondary fluorescence are not severe, a representative composition is
used to calculate yields for the analysis of sample materials of similar composition. The
calculated relative intensities are used in the least square fit to deconvolute the spectrum.
The most important feature of this deconvolution is the use of a fixed background
evaluated from the same spectrum using the Statistical Non-linear Iterative Peak-clipping
(SNIP) algorithm [Rya90a]. This background treatment takes particular care to treat
statistical fluctuations to provide a reliable approximation of the continuum background
under peaks, even in regions of the spectrum with low counts. [Rya90a].

A new generation of the software package; GeoPIXE II [Rya02b] has been released for
quantitative PIXE image and analysis using the dynamic analysis (DA) method [Rya93].
This algorithm is written on the IDL language, with more flexibility for usage in different
platforms. It provides sorting of list-mode (event-by-event) data, projection of
quantitative images, extraction of concentration averages and line projections from
arbitrary regions, correction for various spatial matrix effects, and export and reporting
options for different users systems. Basically GeoPIXE Il [Rya02b] is similar to the first
version [Rya90a] as far as the flow structure of the algorithm. It calculates X-ray relative
intensities in a similar way following the data flow shown in Fig. 6.5. The strength of

GeoPIXE II depends on the user-friendly interface as well as a flexible environment for
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PIXE spectra analyses, generation of elemental maps using the DA method and image
display and output into various formats. An additional bonus is the ability to extract
quantitative data from elemental maps interactively. More detail information about the
operation of GeoPIXE II can be found in [Rya02b].

6.2.2.1 THE DYNAMIC ANALYSIS METHOD

Before 1993 traditional PIXE deconvolution software at iThemba LABS worked on
analysis performed in single point and/or scanning mode without continuous feedback
and evaluation of elemental maps based on energy gates on selected X-ray lines. Spectra
were evaluated off-line usually relaying on SRM. The introduction of GeoPIXE solved
the problem of continuity and Dynamic Analysis (DA) solved the problem of peak-to-
peak interference due to the use of energy gating [Rya93]. The DA scheme performed
spectrum decomposition in live time that provides a good approximation to a nonlinear
least-squares fit (LSF) treatment as the data accumulate [Rya93]. Next section 6.2.2.2
below will describe the formalism of DA.

The GeoPIXE sub-routine PIXE-FIT generates a dynamic analysis transform matrix.
This enables the projection of list-mode, or event-by-event data (EVT data files) directly
onto quantitative elemental images. This process resolves element overlaps, strongly
rejecting artifacts from overlapping elements and detector response effects (escape peaks,
tails and pile up). The results are quantitative images in ppm. pnC units. Furthermore,
GeoPIXE II accumulates concentration variance images (at half resolution to minimize
memory usage), so that error estimates and detection limits can be provided for all

extracted concentration values and line profile projections [Rya02a].

6.2.2.2 DYNAMIC ANALYSIS FORMALISM

The quantitative analysis of a typical PIXE spectrum involves fitting the spectrum with
an analytical function f (i ;a) that includes terms representing the line-shape contributions
for each element, including detector artifacts, plus a background term . In general, this

formulation is nonlinear in the adjustable parameters ai in the vector a, which are

obtained iteratively by varying a until z*® is minimized. If the function is linear in its
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parameters, or if the nonlinear parameters have converged in prior nonlinear iterations

and can be fixed, then a linear least-squares treatment can be used.

. .. o . or
The condition of y*minimum in a linear-squares fit to a PIXE spectrum, viz. —al-— =0 for
A
all a;, leads to values of the ay at the minimum satisfying the equations

D> w(@f,/6a,)(@f,/0a)a, = Y wi(df,/a,)S, (6.12)

Here, f = f(i; @), S; is the channel count and w, is the statistical weight at each channel i,

where i spans the fitted channel range of the spectrum. The parameters a; represent the
peak-area of the major X-ray line for each element and the strength of the background

term. This can be cast as the matrix equation

aa =pS (6.13)
in terms of the spectrum vector § and the matrices @ and 3, with elements given by

a, = ZW;I BB, (6.14)

B, =w,.(6fi/aaj) (6.15)

Inverting o yields the vector a
a=a"'BS (6.16)
The parameter a;, representing the major-line peak-area for element %, is related to Cy, the

concentration of element %, by the equation

a, =0QeTYC, 6.17)
Here, Q is the integrated beam charge, £2and &, are the detector solid-angle and
efﬁciency, T, is the filter transmission, and Y, is the PIXE yield per ppm of element £,

per unit charge and detector solid-angle. Combining Equations. (6.16) and (6.17) yields a

matrix equation for the vector C,
cC=07'Ts (6.18)
In terms of a matrix I". The elements of I" are given by

r, = (fzekz;n)“‘Za“‘,gﬁj, (6.19)
i
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Eq. (6.18) is a matrix equation which transforms directly from spectrum vector § to
concentration vector C [Rya93].

The I" matrix is calculated using the least-squares fit program PIXE FIT (see Fig 6.5).

The assumption is made that the matrix I', is precalculated using a representative master
spectrum to set the statistical weights for each X-ray line, and can be used to interpret
spectra with varying peak areas. These on-line calculation for each PIXE spectrum per

pixel take about 2 seconds [Rya90b, Rya95].

6.2.2.3 OVERLAP-RESOLVED ELEMENTAL IMAGING

Events are processed as (e, x, y) triplets, where e is the channel number of the detected
event in the X-ray detector pre-amplifier and (x,y) are the coordinates of event e. Equa.
6.18 therefore, permit the calculation of on-line elemental imaging data. For each pixel
the instantaneous charge Q is collected and mapping data is normalized to this value. For
every scanning pass the contribution of each element is stored and this increment is added
to the total concentration at each pixel. In this way elemental distribution images can be
generated which are: 1) inherently element overlap-resolved and background-substracted;
2) quantitative to within a small yield correction (see discussion in next section); 3) and
images are formed directly as data accumulate [GeoPIXE, Rya95]. In other words each
image is a close representation of the distribution of a single element, free of artifacts
created by element overlaps, tails, escape peaks and background. With the modern
version GeoPIXE II, the above imaging evaluation is less cumbersome since re-

construction of imaging can be performed off-line on list mode files [Rya02a].

6.2.3. ACCURACY OF THE TTPIXE TECHNIQUE

The development of modern computer codes for the quasi-quantitative deconvolution of
PIXE spectra generated much interest on standardless techniques in which the
mathematical process of calculation of elemental concentrations depend heavily on the
accurate knowledge of physical parameters involved in Equation 6.10 [Max89, Rya90b].

From all these parameters (o,(E,,Z), S(E), pr, @, ,b,) the ionization cross section is the

most critical. While theoretical X-ray relative intensities obtained (by PIXE FIT) using
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the known databases for those parameters (see section 6.2.3), for each element and every
X-tay line, discrepancies may occur between the theoretical and experimental values.
These variations from the experimental values may lead to errors of up to ~10° ppm for
certain elements [Rya90b].

GeoPIXE’ main task is to recalculate X-ray relative intensities to reflect a close
approximation according to matrix effects due to the real specimen under investigation.
There are however small residual systematic errors originating from uncertainties in all
databases. As pointed out in section 6.2.1 the uncertainty in values of physical parameters
may influence the final accuracy in the calculation of elemental concentrations by PIXE.
On the other hand, additional experimental sources of possible error such as measurement
of dead time, current integration and electronic background noise, could affect the final
accuracy. An overview of the magnitude of error for all these parameters is shown in
Table 6.2 with a reference to the respective databases from literature used in the code
GeoPIXE [Rya90a, Rya02a].

It was pointed out that the accuracy of standardless PIXE analysis in mineral grains is of
the order of 9% (STD) using a digital cwirent integration [Rya90a). However by using a
chopper as current integration system the accuracy was reduced to 3% (STD) [Rya90a].
Current integration at the iThemba NMP facility uses a current digitizer CD1010
[EGG82] which according to our records has a accuracy ot 10 for pA levels.
Quantitative elemental imaging (on-line) is defined to indicate an image that is free from
artifacts and accurate to within ~10% [Rya95]. However the new version GeoPIXE II has
an additional sub-program to correct for spatial variability of matrix composition that has
an influence in reducing the uncertainty due to wrong assumption of localized matrix
composition [Rya02a].

The parameters for counting efficiency have to be measured or at least known from
detectors manufactures for standard Si(Li) and/or HpInt(Ge) detectors. These values may
be included in the sofiware package available see Table >7.2 for more details. Of
importance are specific details related to Si dead layers, Au contact and ice layer which
may be develop during the course of several month depending on the type of application.

In particular, work related to analysis where a cool environment in vacuum prevails,
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Table 6.2: Overview of the estimated uncertainties for physical parameters, which
influence the accuracy for different procedures involved in the calculation of elemental
concentrations by the first version of GeoPIXE [Rya90b].

Value

PROCEDURE Type of Parameter Symbol (%) Ref:

Type I: Systematic

o Theoretical & Experimental relative | Ionization cross sections ar ~10% | [Coh85]
intensities calculation: PIXE_FIT Fluorescence Yields w, 1-2% | [Kra79]

* Generic X-ray Yields . Branching ratios b, <2%™ | [Sal74]

o Tails shape & background corrections ; - :

o LSF by PIXE_FIT Mass Absorption coefficients J/A 2-5% | [Thi67]

e Calculation of final concentrationsby | Stopping power S(E) ~1% | [And77]
GEO TRACE

Type Il: Experimental

» Theoretical & Experimental detector Detector efficiency &z ~3% [Rya02b]
definition Detector solid state Q ~3%

® Calibration of absorber thickness Matrix composition MS® ~5%

* Integration of current at pA level Total charge at each pixel Q ~0.2%'? | [EGG82]

* Electronic noise Dead time measurement At ~1%"

@ Estimated value for Ko/Kp

®) X-ray with energies above 3.5 keV
©For the initial calibration of master spectrum (MS) as determined by EMP or other technique

@ pA range
® At count rates ~1 KHz
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effort should be may to prevent the formation of ice layer on the surface of the Be
window detector.

Besides the above parameters the correct solid angle should be determined from SRM
data. This procedure combined with the knowledge of the X-ray absorber used for
analysis should be characterized with absolute accuracy. See Table 7.2 for details of

absorbers used at iThemba LABS NMP facility.

6.3 RUTHERFORD BACK SCATTERING (RBS) WITH PROTONS

When a target material is bombarded by protons of energy E,, energy loss during
collisions with nuclei may always occur. These collisions can be elastic (Rutherford) or
inelastic (Non-Rutherford) depending on the proton energy as well as on the Coulomb
threshold for each atom-nuclei. The magnitude of the proton energy loss is related to the
particular atom-nuclei from which it was backscattered. In other words, energy is
transferred from the moving proton to the stationary atom and the energy reduction of the
scattered proton depends on the masses of both the proton and the target atoms [Leo86].
The basic analytical characteristics of proton RBS, the capability of mass, depth, and
quantitative analysis, are based on the energy exchange, the slowing down of the proton
in the target material, and on the scattering cross sections. The underlying fundamental
principles of RBS have been discussed by several authors [Rau92] A comprehensive
discussion on the RBS subject can be found in the book by [Chu78].

6.3.1 KINEMATICS OF THE ELASTIC COLLISION
Energy transfer or kinematics in elastic collisions can be solved fully by applying the

principle of conservation of momentum and energy. For incident protons of energy £,
mass M, velocity v, on target atoms of mass M, at rest, the conservation of energy and

momentum parallel and perpendicular to the direction of incidence can be expressed as :

1 2 1 2 1 2
-2—Mpv ‘EMpr“*'iMaVa 6.20

M,y =M v, cos6+M,, cosg 6.21
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O0=M,v,sin6-M v, sing 6.22

Eliminating ¢ first and then v, , the ratio of particle velocities is given by:

v .
ZZ[i(Mj—M; sin’ 6)"* + M, cos0}/(M, + M ) 6.23

The ratio of the incident proton before and after collision for M, <M, , where the plus

sign applies, is

6.24

E, | (M, -Msin’ 6)"+M, cosd ] ’
E, M, +M,

E
this energy ratio, called the kinematic factor (KF) K =F”, shows that the energy after

0
scattering is determined only by the masses of proton and target atoms, and the scattering
angle 6. This scattering angle at the iThemba LABS NMP geometry is currently 176°
measured with reference to the beam path, in the backscattering direction (see figure 6.6).
In such geometry, when protons of few MeV strike light elements such as C, N, P and Si,
it is usually possible to resolve C from N or P from Si, even though these elements differ
in mass by only about 1 amu.

However, as the mass of the atom being struck increases, a smaller portion of the
projectile energy is transferred to the target during collision, and the energy of the
backscattered atom asymptotically approaches the energy of the beam. It is not possible
to resolve for example W from Ta, particularly when these elements are present at the
same depths in the sample, even though these heavier elements also differ in mass by
only about 1 amu. In general the kinematics of the collision and the scattering cross
section are independent of chemical bonding, and hence backscattering measurements are

insensitive to electronic configuration or chemical bonding within the target.

6.3.2 ENERGY LOSS
The energy loss of charged particles passing through matter depends on the direct energy

transfer to target atom-nuclei (nuclear component), excitation or ionization of electronic
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states (electronic component) and possible correlations between these two mechanisms
[Rau92]. As the proton energy change inside the target material the probability for proton
backscattering from an atom-nucleus as well as the magnitude of the energy exchange
will decrease. Due to the slowing of charged particles, the energy loss fluctuates and the
width of the proton beam energy distribution increases with penetration depth. This is
called energy straggling, which affects the energy resolution of the technique. At target
surface with proton velocity exciding the velocity of orbital electrons, the target-atom
may be treated as a bare nucleus, stripped of all electrons. However at low proton
energies, deep inside below the surface the proton is slowed down by electron capture. In
the intermediate energy region no solid theoretical framework exists [Rau92]. Stopping
powers cross sections and ranges for protons were compiled by [Zie85] but a more
modemn one, [Kon98] report values that may have a deviation for some energies and
elements of the order of 7-10% [Gen05] with respect to that of [Zie85]. So care must be

exercised when selecting an adequate list of stopping power data.

6.3.3 RUTHERFORD BACKSCATTERING CROSS SECTIONS

The probability (o) to observe a proton by detector D (see Fig 6.6) after scattering, in a
differential solid angle d(2 is given by

2
) Jl —(ﬂ)2 sin’ 8 +cos 8
do W( ZZ,e ) 4 M,
d \16ne,E, ) sin*é ‘/1_(%)2 Gin? 0

2

(6.25)

where 7, M 1and Z, M, are the atomic numbers and masses of the proton and atom-
target respectively. Ey is the incident proton energy. And 6 is the scattering angle in the
laboratory frame of reference. This Rutherford differential cross section describes the
probability ratio of Coulomb interaction between the proton and the target. This
interaction does not actually involve direct contact between the proton and target atom.
Energy exchange occurs as a result of Coulomb repulsion forces between nuclei and

incident proton.
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Figure 6.6: Typical experimental geometry for RBS and example of spectrum response
from a target composed of two atom phases A and B with atomic fractions m and n. D =
annular silicon surface barrier detector; (2 = solid angle (mSr); E,= incident proton

energy at surface; E, proton scattering energy; &= scattering angle; t is the thickness of
the thin compound deposited onto a thick substrate; X is a depth at which the detected

proton is scattered.

6.3.4 NON-RUTHERFORD BACKSCATTERING CROSS SECTIONS

Backscattering analysis with protons is a very powerful analytical technique in micro-
analysis of biological materials. Protons elastic scattering by light nuclei which result
from nuclear potential scattering in addition to Coulomb interaction is dominated by
resonances particularly when using proton energies of 1-3 MeV [Liu93, Ami93, Gur98].
The proton energy is such that it traverse the Coulomb barrier of the target atom. At this
point the influence of the nuclear forces for the scattering become significant with a high
probability of resonances to occur [Nur01].

Proton elastic backscattering (p-BS) has the advantage of greater penetrability, smaller

straggling and better sensitivity for light element detection than other ions. However in

91



the usual energy region for quantitative p-BS analysis of light elements, scattering cross
sections are non-Rutherford, and cannot accurately be calculated from theory. Hence,
accurate measurements of cross sections for scattering of protons by light nuclei are

necessary [Liu93, Ami93, Gur98].

6.3.5 ANALYTICAL CAPABILITIES

The numbers of backscattering events that occur from a given element in a sample
depend upon two factors: the concentration of the element and the effective size of its
nucleus hence the scattering cross section. The atomic ratios m,n of atoms A and B in Fig
6.6 can be quantitatively determined from the RBS spectrum by measuring the heights of
the backscattering signals from the target material nuclei. The ration m/n is given by the

expression:
AB
ﬂ= HA,O O-B(Eo) [go],{ 6.26
n Hy, o,(E) [6‘0];8
where 2 is the ratio of heights from individual signals (A and B) generated by
8,0
protons detected with energy Ep near the surface; %‘Z") is the inverse ratio of their
O 4Ly
. [80 ]AB
cross section; and 4 the ratio of their stopping cross sections which can be taken as
& |y

unit in a zeroth-order approximation [Chu78]. Tabulations for the Rutherford cross
section have been compiled from several authors [Chu78, Jos95]. |

Several computer programs have been developed to perform simulations of RBS spectra
in ion beam analysis research [May98, Bar98, Mor95]. The most commonly used is the
RUMP code by Doolittle [Do0o85, Doo86]. This program computes spectra and plot
graphs of normalized yield vs. energy. However you may need to have a qualitative
understanding about the sample structure to be used as a first approximation for matrix

composition. This is particularly useful in analysis of more complex spectra, where
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RUMP can successfully calculate the atomic ratios of main atomic phases in a thick

target material.

6.4 PARTICLE-INDUCED GAMMA-RAY EMISSION (PIGE)

In the interaction between energetic protons (with energies of 1-4 MeV) with matter,
many prompt nuclear reactions are present, in which the transitions from excited states
occur too rapidly (with half-lives less than nano-seconds). These rapid decays provide
much information of analytical interest based on emission yield of gamma-rays as well as
secondary products. The emission of gamma-rays is relatively easy to measure since the
energy and amounts of nuclei present in the target-material is proportional to the energy
and yields of these gamma-rays. Several studies on the theory and experimental
procedures of proton induced gamma-ray emission has been published, [Eva55, Gih82,

Deb88].

6.4.1 KINEMATICS OF NUCLEAR R EACTIONS

A characteristic nuclear reaction yielding prompt- y -rays may be written in the style of a

chemical reaction as

A+p—>B+b+y+Q (6.27)

Where Q is the energy released during the reaction of a proton p, impinging on a target
nucleus A to yield a product nucleus B with the emission of light products, b
accompanying the y-rays [EvaS55]._Symbolically this written as:

A(p,by)B ' (6.28)
In the non-relativistic case, and for those reactions where b is a single particle, the
kinematics relationships between the reactants and products may be deduced from the
laws of conservation of energy and momentum [Gih82]. For a reaction on a target
nucleus at rest (in the laboratory system of co-ordinates) the conservation of total energy
requires that

E,+Q=Ey+Ep+Ey (6.29)
where: Q=(Ma+M,-M;-Mp)c? (6.30)
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¢ is the velocity of light in vacuum, Ey is the energy of the y-rays and E and M refer

respectively to the kinetic energy and mass of the particles denoted by subscripts.
If Q is positive, the reaction is said to be exoergic and kinetic energy is gained in the
reaction. If Q is negative, the reaction is said to be endogenic and there is a threshold
energy Ey, for the incident particle, below which the reaction cannot occur [Gih82]. This
threshold energy is always greater than |Q |and is given by the relationship:
E,=-0 M,+M,
M, +M,-M,

(6.31)

6.4.2 NUCLEAR REACTION CROSS SECTION
The probability dr of a nuclear reaction of type A(p,by ) B occurring is proportional to

the product of the number of incident protons per second ¢, and the number of target
nuclei per unit volume

dn=o(E,)¢,N dx (6.32)
with dx is the thickness of the target material and/or the proton range. The
proportionality constant o(E p) has dimension of area (barns) and is called the cross-

section of the reaction for a proton bombarding energy E,. The relationship between

o(E,) and the bombarding energy E, is called the excitation function of the specific
nuclear reaction. Since the energy of incident protons continually change as it penetrates
the target, these o(E p) will also change, sometimes appreciably with resonance
variations. However analysts are more concerned with the variation of o(E p) rather than

with its absolute value. A common practice therefore is to measure the yield excitation
curve experimentally, which is time-consuming but allow the determination of efficient

resonance energies which will maximize the analytical ¥ -rays yield. Since protons are
slowed down rapidly within the target the o (E p) , is expected to vary drastically with

depth of analysis.
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6.4.3 QUANTITATIVE ANALYSIS WITH GAMMA-RAYS
EMISSION

If the yield, Y, for a nuclide W, ina target-material is given by the equation,

633)

dE( )

where

dﬁéﬁ) , is the stopping power, E the kinetic energy of protons at depth x in the

sample, p, is the sample density, C, is the concentration of W in the sample and M, its
atomic mass. If we define the matrix correction factor U as

U, = j a(E)(d e ))dE (6.34)

the ratio between the measured yields induced in a sample, S, and in a standard, can be
written as:

% 4C)U
Y;) ¢0 (Cw )0 UO

the superscript O refers to the standard and S, to the sample. If we assume that the matrix

(6.35)

composition of the sample and standard are similar then the values of U and ¢ for both

the standard and the sample are similar for an average cross-section and stopping powers.
[Ish78a, Ish78b, Gih82]. Therefore, we could assume, with a fair approximation, that the
ratio of y -rays yields is proportional to the concentrations of nuclide W in the target-

material.
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CHAPTER 7

NUCLEAR MICROSCOPY EXPERIMENTAL TECHNIQUES

7.1 INTRODUCTION

Focused proton beams of several MeV are obtained by demagnification of a beam object by
magnetic quadrupoles into a small cross-sectional area, which focal plane is at the analytical
surface of the target material. The main goal of the focused proton beam for micro-analysis
is to probe small areas with enough resolution as to obtain relevant information about the
content and distribution of elements present in a specimen. This chapter will give a brief
outline of the physical layout related to the iThemba LABS, NMP and peripheral

instrumentation used for elemental mapping.

7.2 NUCLEAR MICROPROBE COMPONENTS

With the aim of improving the reliability and stability of the proton beam delivered to the
NMP, as well as the characteristics of beam optics along the VDG beam, relevant
modifications were implemented during the last several years affecting mainly: a) poor
terminal voltage stability, b) power supply ripple, c) stray field distortions which give rise to
poor energy beam distribution introducing severe chromatic aberrations, d) horizontal beam
resolution and e) optimum current on target. The beam-optical set up from ion source to the
analyzing magnet was optimized using different computer codes (refer to Chapter 5). The
accelerator can provide the microprobe with a wide variety of beams and enérgies, including
pulsed beams with a high timing resolution. The high voltage terminal can host two different ion
sources: a duoplasmatron and a penning source [ref. Chapter1-5]. The first predominantly being
used for the production of light ion beams [Tap93]. A description of the different optics

components will follow

7.2.1 VAN DE GRAAF ACCELERATOR

The 6 MV Van De Graaff accelerator has been described in detail in chapters 1-5. For the

purpose of illustrating the aspects of the accelerator which are more related to the operation
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of the microprobe we are going to limit the discussion here on the instmimentation which
apphics matnly to the optics of the microprobe, by cmphasizing the relevance and impact
ol modilications donc i Chapters 4 and 5 on the quality and optimization of the NMP

operation {refer to Figure 2.3 ).

7.2.2 OPTICS SET UP

The diagram m Figure 7.1 shows a schematic representation of the layout of the VDG
accelerutor and beam lines. The NMP is installed in the 0° line a1 the 6 MeV single-ended
Van de Graff accelerator at iThemba LABS. The beam of 1ons produced by the jon source
(I) 15 accelerated vertically downwards passing through scts of quadrupoles Q) for
focusing this beam, and slit objocts (C,) for cellimanng. Energy selecton of the
accelerated particles is made by a 90° analyzing magnet (M). After the unalyzing magnet,
the bean passes through energy stabilization slits (C3), situated before the main besm
stop (see Figure 7.1). The guadtupole doublet {(J:} after the beam stop focuses the beum
at the ohject slits. This is lead by three computer controlled Faruday cups simated along

the line up to the target, which facilitate the current optimization.
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Figure (7.1) Sectional side view of the VDG accelerator showing a cross section of the vertical layout
trom ion source Lo switching magne! and a top view of the ¢xpenmental hnes, including the
microprobe at 0, 1: hol-cathode duoplasinatron jon sonree; Q: is the condenser; M: analysing magnet;
(J:: gquadrupole set; €y, Co: set of collimators; S: switching mugnet; O: object shits; 1 set of triple

quadmple lens.
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fon source

A hot-cathode magnetic ion source, duoplasmatron type is typically used for microprobe
work (see Chapter 4). Tt is fitted with a tungsten filament, and coated with a film of 52N> to
maximize s yield of positive 1ons (see Appendix A). It is operated at an arc current of
typically 100 A through it; gas flow outlet diameter is 0.5 mm; filament current of 25 A;
extraction voltage of 5 kV: and an operating pressure of ~10~ mBar.

Verticaf fine section up to analyzing magnet

Protons from Lhe ion source are accelerated 1o the required proton energy in the tube. In
order to match the beam emittance at the exil of the accelerator Lo the emittance of the beam
line {at extraction voltages of more than 3kV) and additional Emzel lens was implemented
im the terminal section of the onginal (High Vollage) VDG, near the gap lens which is used
lor beam focusing and acceleration (refer 1o Chapter 5). This additional lens can fulfill the
[ocusing properties of the gap lens, and the gap lens logether with the extraction voltage can
then be used to adjust the injection energy of the beam at the entrance of the accelerator (for
mare details refer to optics discussion in Chapter 4-51. At the exit of the tube a new set of
quadrupoles ensure the focusing of the beam into a set of object slits located before the
bending magnet.

Analvzing maenet and condenser fens

A sel of quadrupole doublel lenses condense the proton beam into the 90" analyzing magnet,
This 15 complemented by a set of slecrers before and afler the magnet, to ensure that the
beam 1s aligned (o the correct on-axis direction and maximize the beam transnulled into the
microprobe line. The microprobe beam line has been mounted at the 0" direction of the
switching magnet, in order to avoid problems with energy dispersion of the beam [Tap93],
The ohject slit

The obect shit is of a four independent jaws configuration, with manual micrometer aperture
control Lo allow accurate object alignment. It is an OM-10 medel manufactured by Oxford
Microbeams [Ox{90]. This object slit works in tandem with the high-excitation quadrupole
lens system. A computer controlled Faraday cup 1s located before the object slit to momitor
the maximum currenl which 18 ol the order of 30 nA. It 15 water cooled {o preveni object

size variations due to thennal expansion.
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Steering coil

A long steermg coil (80 ¢m long) manufactured at iThemba LABS 1s installed on the 6 m
path between the object :nd the antiscatter slit. This will stecr the beam on-axis direction
to ensure maxnnum predon bearn intensity at the quadrupoles,

Beam on demand: Deflection sysiem

Beain ripple is one of the most important problems arising in the operalion of accelerators in
particular older ones. This is translated into a lower count rate than expected when the beam
intcnsity is high. This resolts in high connt rate for short periods and thus high pile-up. An
on-demand beam deflection systcm ODDS (scc Figures 7.2} is vsed 1o prevent event losscs
due to high X-ray count rates. It consists of two paralle] plates 40 cm long (2) that operate ut
gtound potecntial with applicd voltages depending on the energy of the proton beam. The

linear relationship belween these voltages und proton cherey is shown s Fipure 7.3,

" |
e, i Y
5 ODDS *

Figure 7.2 Ilustration (not to scale) of the location of the beam on demand deflection
system (ODDS) with respect to the turget-material (9), situated at the center of the
scattering charber (8). Other conventions are: p is the incoming proton beam; (1) is
the beamn pipe through which the beam pass; (2) are the deflection plates; (3) is the
beam-dump; (4) is the antiscatter slit; (5) the scanning coil nsed to scan the position of
the beam over the target surface; (6) are quadnipole lenses for focusing the beam: {12)
is the Si(Li) detector and {P) the detector preamplitier. The plates have « length of 40
cm and are situated 2 meters from the specimen.

In the framewoark of PIXE analysis, the principle of such on-demand beam deflection system
can b cquated to a detlection of the proton beam by an electric fizld between the two plates,
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Figure (7.3) Lingar relationship of the beamn on-demand voltage-
applied to the deflection plates v_s. proton energy.

gach time that the fast discrimimator in the amplifier senses a pulse from the X-ray detector
preamplifier which is not aceounted for. This deflection of ihe beam from the target happens for
a lixed time Interval. The minimum deflection necessary for optimal operatton s defined by the
vertical dimension of the beam at the acceptance slits.

A benefit from 1y deflection 1 the reduction of pulse pile-up which normally occurs at high
count rates as well as the reduction In continuum background which results in a significant
improvement of the analytical detection limits for microPIXE al the iThemba LABS {acility. On
the other hand, the enferced absence of the beam from the target surface, while each X-ray pulse
underpocs processing by the cleclronic svstem, reduccs damage to the specimen [Tee®RE, Pro
95].

The antiscatier sfits

The 1om trajectories with the largest divergence generally suffer the worst aberration when
focused. The purpose of the antiscatfer slit is to limit this divergence entering the lens
system (see Figure 7.2). The slit 15 of the same 1ype OM-10 [Ox190] as the object sht.

A Y seanning coil

A magnetic coil OM-23 [Ox{90] 1s located before the Jenses. Although 1s nol the oplimal
location for the coil due to the movement of the beam insude the lens [Walk7], this geometry

15 the orginal from manulactures, and dates back Lo the installation of the NMP at iThemba
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LABS in 1992 The coil is computer controlled to allow beam scanning and beam
pasitiohing of the beam probe over the area for analysis

Cluadrupole lenses system (include lens alignment and focusimg procedures)

The high quality magnetic lens system was purchased trom Oxford Microbeam in 1990,
A triple-quadrapole lenses type OM-150 |Oxf%0] was selected. Lens specifications are:
1) Yoke dimension: 100mm x 150 mm @; 2) Maximum cutrent: 100 Amps. It operates in
a CDC (converging, diverging, converging) configuration, fonning a +20 demagnified
image of the object aperture at the focal point inside the scattering chamber, with low
aberration tor beam probe spot lateral diameters of the order of 1-3 pm and below with
currcnts of ~ 100 pA. Periodically alignments of the lens magnetic axis are dotie to engure

optimal resolution for routine work.

Figure (7.4} Photograph showing the layoul of the muckar microprobe (NMP) system, H
is the halo slits, § is the scanning coils nsed to position the baam probe on the specimen
surface, LN is the container for cooling the Si(L1) detector usad in the dalection of X-rays,
Q) the sel of quidlupole lenses, vsed in the focusing of the beam, M the optical
microscope for viewing the specimens, C is the nuclear microprobe scattenng chatnber
and 5C s the sample change mechanism.
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A picture with the mamn components of the OM-150 system is shown in Figure 7.4, The
OM-150 system uses a OM-50¢ constant curreni power supply capable ol producimg 100
A at 4 ¥V with better thun 5ppm long tern stability und settahle optimized to better than
10ppn. [Ox190],

Figure (7.5) Top cross-section view of the NMPP chamber 5V 15 the specimen view porl, M the
microscops, BB the incoming beam, OB the collimator preventing the reflection of beam, AR the
suppression ring, 5P the specimen. 55 the silicon surface barrier detectar, C5 the collimator provenfing
tle Beam from being reflected on the surfuce bartier detector, 5 the S51(Li) detector. 51 the Sterystal, 5w
is the SiLi} detector window, FW the filter wheel and £5 the shaft for changing filters FWV the view
port for the filker wheel GV a view port and GD is the y-ray detector

T.23SCATTERING CHAMBER

‘Fhe microprobe bought back in 1990 included the original Oxford scattering chamber
OM-T0c (C in Figure 7.4} supplied by manufacturers [Oxf90, Tap93| However
madifications have been done during past years to accommodate additional needed
instrumentation. This included the re-design of the sample positioning mechanism to
allow for fast computer control of the target surface (SC in Figure 7.4). A schematic cross

sectional diagram of the
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OM-70e scattering chamber with latest modifications is given in figure (7.5} The chamber
was designed for optimum efficiency and for the simultaneous use of several detectors such
as: 13 Si(Li), (Link, PGT or HP-Int{Ge)) for PIXE; 2} SSB for proton Backscattering; and 3}
GefLa} [or y-ray spectrometry.

Other fealures include:

a) A porl {al 1357 (o the incoming ion beam direction) to fit an X-ray delector (8) dipstick,
which Be window surface can be accuralely positioned at various lengths from Lhe largel
surface {typically 22-35 mum) by way of a manually controlled platlorm,

b) An annular Si surface barrier (SBD) detector (85} sitnaled at ~6em in front of the
analvtical target surface, 176" from the direction ol the ion beam;

¢} A Cu eleclron suppression ring siluated i front of the beam focal point at aboul ~2-3
mn; A voltage of -50H) to -1500 V is nsually used for analysis of biclogical hssue al room
temiperalures.

d} An optical microscope with a working distance of 35 mm and demagnilication 20-110
with a 1k cyepicce, placed at 45° with respect to the nonnal to (he sample surface,

) Lishting in the tarpet chamber 15 enabled through two separate light sourees 1n front of
{for reflected light) and behind the target.

0 Allows lor stepper motor contrel of samples in X, Y and Z axes, with maximum
movement obtainable with the new target sample changer mechanism (see 5C in Figure 7.4}
of 250 mm in the Y ducction, 40 nni in the X and 30 mm in the Z {(focusing} dircetion. This
facilitates the accurale positioning ol beami-probe and the selection of required micro-
regions for analysis.

g) The stepper motor control and the large movement obiained in the Y direction allows the
mstallation of a permanent set of standards obtained from ASTIMEX", The set is composed
of standard materials embedded in cpoxy and polished to a very flat surface. This includes
one for pure elements, with 44 elements availlable and anolher onc ol mincrals. Pre-
programnied scttings allow the automatic movement by computer control of the sample
holder to any one of the AN [IMEX® standards [Fro25].

hy A wheel with a set of 11 filters is positioned in front of the X-ray detector, The wheel can
be fitted with eleven fillers to allow [or seleclive attenuation of X-rays and to reduce the
hremssirahlung intensity, depending on the requirements of the analysis (see Table 7.1

Analyteal grade high purity metals (Be, Al} and polymers (Kapton) are used for the
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absorbers: The thickness of these absorbers are shown in Table 7.1. For this investigation

Be of 125um and Al of 102 pm absorbers were typically used (see Table 7.1).

Table (7.1) List of the set of materials used as X-rays absorbers.

All are of Analytical grade with low level of impurities.

Position Filter material Thickness Thlclmegs
[pm] [mg/cm ]
1 Hole(not filtered) - -
2 Al 408 110.1
3 Al 102 (28.1)27.5
4 Al 153 41.3
5 Al 203.5 54.9
6 Be 125 22.5
7 Al 253 68.3
Kapton
8 C2HoN204 76.5 10.9
D=1.42
Kapton
9 C2H1oN204 156 22.0
D=1.42
10 Be 25 4.51
11 Hole (collimated) - -~

i) A Faraday cup is located at 90° to the back plane of the target to collect the numbers of
ions per second. This signal is fed into a current integrator (EG & G-ESN model CD-1010)
with digital output.

7.2.4 DETECTORS

For the following discussion about detectors refer to Table 7.2.

Si(Li)

During this investigation two different detectors for X-ray detection were used. A Link™
Pentafet Model C6648 one supplied by OXFORD Instruments, plc, Oxon, UK, and a PGT
supplied by Princeton-Gamma-Tech, Inc., USA. The Link detector was used mostly for
determinations with 3.0 MeV protons and the PGT was used with protons at 1.5 MeV and 3.0
MeV. Both detectors have a low noise Pulsed Optical Feedback (POF) pre-amplifier type
which includes a field effect transistor (FET) cooled in the cryostat (see Table 7.2). This allows
to increase the peak/background by about ten-fold to greater than 1000:1 for most of the useful
X-ray energy ranges. Both Si(Li) detectors are build in with an horizontal dipstick of ~20 mm
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diameter and 60 cm length and fitted onto a vertical cryostat, were positioned inside the

scattering chamber through one of its ports (see Figure 7.5) at 135° to the incoming beam.

High purity Intrinsic Germanium Hp(Ge)
An Intrinsic high purity germanium detector Hp(Ge) supplied by EURISYS Measures

Tanneries, France, was also used for both X-ray and y-ray detection measurements
simultaneously, particularly when looking at low energy gamma-rays from "°F decay (110, 197
keV). This detector have an operating voltage of —1000 V with resolution of 154 ¢V measured
at time constant 12us; count rate 1000 cps/s; negative polarity (see Table 7.2).

Other detectors used

An annular silicon surface barrier (SSB) detector with an active area of ~100 mm’ and a
typical resolution of ~25 keV for the measurements of protons was used primarily for the
evaluation of the composition of thick target-material such as hard human tissues. A
lithium-drifted germanium detector (Ge(Li), was used simultaneously with the Si(Li)
detector for the detection of prompt gamma-rays to obtain information on minor
components (see Table 7.2 for specifications). Before discussing in detail the detection
interface we may give a brief description of the two modes in which the probe can be used

for analytical work.
7.2.5 SCANNING MODES

As explained in section 7.2.2 a magnetic coil OM-25 [Oxf90] is located before the
quadrupole lens (see Figure 7.7) and is used to control beam-probe movement over the
analytical area by using a scan amplifier OM-40e [Oxf90] to generate the required (x,y)
coordinates voltages associated with the beam-probe position on the target. The computer
selection of this coordinates by an external PC computer - using a locally developed
LabVIEW code “CCSCAN-II” [Chu93]- allows for accurate positioning of the‘ probe over
the target surface. These coordinates are fed into both the data acquisition software and
another external PC (MicroControl PC in Figure 7.7). “ CCSCAN-II” is also used for the
real time display of the map generated by the X-ray signal response. With typical beam spot
resolutions of the order of 1-3 um (~100 pA current) the proton-probe can be left static (single
point analysis) or in scanning mode (mapping analysis). These two modes can be used to

obtain particular elemental information from the target-material according to requirements.
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Table 7.2 Specifications of detectors used in experiments

Aun
Active | Crystal Be Si dead .
area | Thickness ;i ead Window | layer Voltage Resolution
Detector ayer
Manufacturer | Experimental
(o] | fmem] | [um] | [am] | fum] | [Vols] | TG P ev]
Link 80 4.8 0.01 8.0 0.1 -500 138-170 ~201®
PGT 30 3.0 0.02 8.5 0.018 -600 160 ~192©
Hp(Ge)’ | 100 7.0 0 12.5 0.5@ -1000 154 ~161®
Ge(Li) | ~2800 ~50 0 ~500 500% | +4500 | ~1.86/keV® | ~2.5/keV®?®
Si” ~100 - - b | ~300 +50 ~14/keV ~25/ keV

U 1t has an additional 0.3 pm Al absorber

@ Ge dead layer
() Li contact thickness
) Measured at 1332 keV with a Na-22

source

©) Measured at 5.9 keV on Hydroxyapatite
© Measured at 5.9 keV on Keratin
™ Annular Surface Barrier
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Figure 7.6 The scanning process: the beam probe moves along each X,Y directions
from pixel to pixel with a dual time of 10 ms. At sach pixel X-ray, scattered protons
and gamma-ray signals are detected. Cvaluation of cach spectrum by GeoPTXE 1T 1s
dong using the DA method (lor X-ray) and gaiing (BS and PIGL}

X-rays, scattered protons and gamma-rays signals are detected at cach scanned pixel with a
dwell time of 1 ms (sce Ligure 7.6). At cach pixel an ¢vent o{F.x,y) 18 recorded and
evaluation of cach spectrum by GeoPIXKE I 15 done using the DA method (lor X-ray) and
galing (RS and PIGE).

Singrle poind anadvsers

Since bearn current densitics at microprobe level are usually high (-~ 100 pA/um’ ), pomt
analysis on sensitive targets such as biological tissues have to be perlommed at low currend
intensities. A fair compromise between the X-ray count rate, the type ol matertal hardness
and the available beam charge should be exercised lo be able to perform point analysis by
PIXE in such specimens. lurthermore, the resolution needed for a parlicular poimnt should
always be relaled 10 the lemperature sensibivily of the matenal.

Elementad mapping

Maost of the best advanlages [rom the NMP are [ully utilized when a focused ion beam is
scanned in a particular micro-arca to obtain 2-dimensional spatial information related 1o the

distnbution ol major, minor and trace clements present in the target material ‘This spatial
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information has become especially relevant for micron and sub-micron level analysis in bio-
medical sciences where relatively small detail is required. An image of the sample micro-
region is obtained by scanning of the ion beam from left to right at a particular speed over
the pre-selected area. The main objective is to construct elemental maps of the elements
present in such area.

The optical resolution of the map i.e., the depth of detail visualization depend on the number
of steps that the ion beam moves over the line scan, in other words, the number of pixels
defined for the re-construction of the maps. In addition to the experimental hardware set-up
required for this elemental mapping to occur a critical aspect in modern PIXE work is

devoted to the on/off line analysis of the PIXE spectra.

7.2.6 DETECTION AND DATA ACQUISITION SYSTEMS

The detection system at the NMP at iThemba LABS can be described depending on the type of
secondary prompt signal detected. Since detection of the X-rays originating in the target-
material is the main thrust of microprobe work it is logical to devote most of the discussion to
this technique. However, since in most of the experimental work both PIXE and/or BS and
PIGE are run simultaneously, a brief explanation of the detection-flow schematics for

backscattered protons and gamma-ray signals will be presented.

System outline
Some of the components of the system for detection and data acquisition of pulses have already

been discussed earlier. The main feature of this system is the dependence on a CAMAC-VME-
VAX4000 configuration with facility for multiparameter data acquisition. The software package
XSYS is used for data-acquisition and analysis. The system is used in a VAX configuration
with MBD controller as the front-end interface to CAMAC. The iThemba version is based on
the Indiana University Cyclotron Facility [Tuc84] with small differences.

This XSYS software has the possibility to collect simultaneous data areas for each analytical
technique including allocation of mapping areas and scaler control for current integration, time
and others parameters required. Data acquisition for elemental mapping is stored in list mode as
event-by-event computer files. The set of energy, x and y coordinates e(E,x,y) are stored as an
event for each detected and analysed pulse and elemental maps can therefore be reconstructed
off-line using the program GeoPIXE II

A dedicated control code written in LabVIEW is used as an intelligent scanner
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Figure 7.7 Schematic diagram of the nuclear microprobe highlighting the main
components involved in the focussing, scanning and data acquisition processes.

(MICROCONTROL PC in Figure 7.7). For the purpose of simplicity we will direct all the

further discussion in this section to the electronics schematic diagram details in Figure 7.8

Flow operation of electronic interface (refer to Figure 7.8)
1) When a start acquisition command (mapping or single point mode) is issued by the LabVIEW

CCSCAN 1I program, the acquisition will only start if the Busy line is disabled by the
acquisition program XSYS, A scan or single point test can be done on the CCSCAN II control
PC with a Busy signal disable by XSYS.

2)The ADC enable signal from the CCSCAN II control PC is disabled when the beam is moved
from one point to the next or when data acquisition is being stopped by XSYS. The period that
the ADC enable signal is disabled varies during the raster scans (short when moving pixel,
longer when moving line and longest when a new frame is started). This ADC enable-signal is

used to enable ADCs for backscattering and gamma-ray signals.
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3) The X-ray detector pre-amplifier analogue output is fed into a spectroscopy amplifier
Canberra 2024 with a long shaping time constant (12ps) and also into another spectroscopy
amplifier with a short time constant. The 2024 amplifier shaping-time constant is chosen so as

to give the best resolution for a particular X-ray detector and its output is then fed into a
Canberra 8077 ADC. The data is then read by the acquisition program XSYS via the VMEbus
VAX-interface.

4) When the LG (Linear Gate) signal from the 8077 X-ray ADC is active during the processing
of a pulse a reject (Rej) signal is passed on to the ADC so as to inhibit pileup. The inhibit signal
from the X-ray detector pre-amp is fed on to the 2024 Amp to inhibit the amplifier from
processing any pulses during the Pre-amp reset period. This inhibit signal is also used to inhibit
any ICR pulses from being passed to the CAMAC.

5) The spectroscopy amplifier with a short time constant (mentioned above) is used as a filter/
amplifier and its bipolar output is fed to a timing SCA which then generates the ICR pulse on its
LL output. As mentioned above the ICR pulses are inhibited by the pre-amp inhibit signal. This
timing SCA is used as a discriminator and its Lower Level should be set just above the noise
level. The timing SCA oufput is also fed to a pulse generator which is used to generate a
stretched pulse with longer period than the total processing time of X-ray event. From here it is
then fed to an OR gate and DT/busy (from X-ray Amp) signals so that the output from this OR
gate will switch the beam off using two electrostatic plates in the beam line via the dynamic
pile-up rejection unit (see beam on demand section 7.2.2).

7) Furthermore, the beam will be switched off when the pixel is moved (ADC enable) or during
the processing of an X-ray event (pulse generator) or when the X-ray Amp is busy (DT/Busy).
The total processing time of an X-ray event is approximately 60 ps (see Figure 7.9) and thus
dynamic pile-up rejection is done to eliminate pile-up due to beam intensity fluctuations. The
second output from the pulse generator is delayed and stretched so that the X-ray ADC is only
gated on when the pixel is not moved. The ratio of ICR pulses and total events in the X-ray
spectrum gives the dead time for the X-ray system. The total time for processing including the
ADC time is 80 ps (see Figure 7.9).

8) The RBS events are read into XSYS via the CAMAC and its ADC is only gated off when the

pixel is moved. The LG and Rej. hand-shaking is handled the same way as described above for

the X-ray system.
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Figure 7.8: Schematic diagram of the electronic interface for theiThemba LABS nuclear microprobe. The main circuit is for the X-ray

signal. The detection of the scattered protons and gamma-rays are indicated in green and blue respectively

111



9) The PIGE events are read into XSYS via the CAMAC and its ADC is only gated off when
the beam probe is moving towards the next pixel.

10) The current integrator output frequency is fed into a CAMAC scaler with a value
representing the desired charge. This process is followed by an interrupt when the scaler has
been counted down to zero.

7.2.7. OFF-LINE DATA PROCESSING

PIXE spectra and mapping by GeOPIXE
The algorithm of the GeoPIXE II [Rya02b] software was introduced in section 6.2.3. Off-

line Evaluation of PIXE data comprises the re-construction of elemental maps by sorting of
events from list mode files. Procedures which not mentioned in 6.2.3 and more related to the

deconvolution and manipulation of spectra include:

® Full display window of one or various spectra in the same window for qualitative
comparison of elemental profile, visualization of pile-up and escape background
spectra.; identification of X-ray lines for the K, I. and M lines of most elements;
recalibration of spectra and complete control over the definition of each detector
parameters; display of fitted spectra and report on results which includes information
about minimum detection limits, relative error, detector resolution and calculated

nominal yields.

® Sorting of list mode files written by XSYS as event-by-event with control over the scan
size (in pixels), the dynamic analysis projection file, detector definition and spectra

energy calibration.

@ An image analysis window for display of reconstructed elemental maps. This allow for
the display of as many maps as required simultaneously in cloned windows. Display of
maps in concentration values as well as the variance is available. If necessary PIXE, BS
and/or PIGE spectra can be extracted from selected regions within the map by sorting of
events in this selected areas. Different types of analyzing shapes are available including;
box, circle and spline with 10 and 32 nodes. Operations such as filtering of mapping

data as well as elemental mapping distribution correlations are also possible.
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Figure (7.9) Illustration of the signals emitted during the specimen
irradiation. Pre Amp represents the signal from the pre-amplifier, ICR
the signal from the incoming counting rate unit, SA the signal from the
spectroscopic amplifier and AD the analogue to digital converter signal.
The signal for the ICR is the faster as it is processed in time duration of
150 to 200 nanoseconds. The spectroscopic amplifier transmits the
signal only after 90% is processed and the time duration is about 60 ps.
the AD processing times takes about 20 ps. The total time then is about
80 us

® Qutputs of quantitative maps and data can be saved and/or exported in files of specific

standard formats such as cgm and png,

Backscattering spectra: RUMP
The RUMP version 2.0 is used at iThemba LABS {Gen05] for evaluation of BS spectra.

This allow the simulation of spectra from thick target of human biological tissues which are

predominately carbon and calcium rich.

Correspondence analysis

Correspondence analysis is a data analysis technique which simultaneously displays the
rows and columns of a two-way contingency table in a low dimensional space. It belongs to
the family of statistical techniques that have as their common feature the calculation of a

singular value decomposition of a data matrix (principal components analysis, canonical
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correlation analysis, discriminant analysis, factor analysis and biplot [Gra84]. In the context
of multielemental trace analysis, the display in two dimensions may be interpreted as a map.
Samples which are plotted close together are (in a certain sense) similar, and elements
(independent variables) plotted close together are (using the term loosely) correlated. The
simultaneous display of the rows (samples) and columns (elements) is justified by the
‘transition formulae’, enabling one to see not only which sample cluster, but also to
understand why they are clustered. Correspondence analysis is thus related to, but an

improvement on cluster analysis [Pin01].
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CHAPTERS8

APPLICATIONS TO MICROANALYSIS OF HARD

HUMAN TISSUES

8.1 INTRODUCTION

Prompt analysis of bio-medical tissues with protons has been given a substantial stride
forward with the improvements of the microprobe mode and development of
sophisticated software for on/off line deconvolution of X-ray spectra [Rya02C, Rya00].
Some of the fields in which the nuclear microprobe (NMP) has been most powerful is in
bio-medical studies of soft tissue materials for which the low levels of detection limits
combined with the availability of multi-techniques and multivariate capabilities has

proven to be the instrument of choice in many applications[L1a98, Pin01, Pal93,Pal97].

An important step in the analysis by NMP of soft bio-medical specimens in general is
their adequate preparation for analysis under high vacuum conditions. Typically this will
involve strict protocols for sample preparation at low temperature. In addition, a “true”
representation of elemental concentrations is critical and this depends to a large extent on
the optimal protocol used [Prz99, Lla98, Hay00]. On the other hand, biological hard
- tissues do not require in general the use of cryogenics since the mobility of ions in such
hard materials is minimal. This research was concentrated on the advantages of the NMP
for the analysis of human hard tissues prepared at room temperature. The steps for
preparation of each tissue type will be described briefly in the corresponding chapter-

section.

As in any other instrumental analytical technique the optimization of three important
experimental parameters in micro-PIXE to obtain the best minimum limits of detection

(MDL) plays a major role in the determination of trace elements present in hard tissue.
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Particularly since most of such tissues are rich in carbon, calcium, phosphorus and
sulphur. For example in the analysis of trace elements such as Mg, Na, Al and Si present

in a Ca-rich matrix type, an adequate (1) absorber must be chosen to minimize the high

background due to secondary electrons as well as to reduce the high intensity X-ray
signal from Ca. However this is not an easy task when considering (2) the energy of the
protons used for X-ray excitation as well as the detector exposure to scattered protons
through the absorber. On the other hand this high intensity background can also be
generated due to a (3) high beam current on target. Therefore a compromise has to be

reached between these three parameters in order to be able to minimize the MDLs.

The problem is less complicated when higher protoﬁ energies (2.5 < E, < 3.0 MeV) are
used for determination of heavier elements such as Ca, Ti, Mn, Fe, Ni, Cu, Zn and Br,
since the insertion of a thicker absorber will control both the background and the high
matrix signal. By experience we have found that for low energy protons (1.0 <E, < 1.5
MeV) a Be absorber 25 pm thick works well; and for high energy protons bombardment
(2.5 <E, < 3.0 MeV) an Al absorber 102 pm thick is the most suitable.

The level beam intensity used for analysis of hard tissues, depends on the type of
specimen material. As a general rule we irradiate the samples in such a way to prevent
evaporation of elements to maintain the true composition of materials stable while under
bombardment. Typically a current of between 50-300 pA is required depending on the
type of hard tissue, the size of the micro-region irradiated and the number of pixels used
in the scan. These current levels ensure that a true non-destructive analysis is performed
in most sample materials. Total deposited charge depends as well on the concentration
levels of trace elements of interest. PIXE has two critical parameters — solid angle
subtended by the Si(Li) detector and thickness of absorber positioned between the
specimen and the detector —which are routinely calibrated using standard reference
materials of pure metals and minerals supplied by Astimex®. Selected micro-regions were
scanned with proton beams focused to 1.5 — 4.5 um’ spot size. The scan size was

typically of 64 x 64 or 128 x 128 pixels with a 10 ms dwell time.
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As an application to demonstrate the capabilities of the NMP at iThemba LABS after
recent optics optimization of the VDG accelerator, this work here will deal with a set of
selected bio-medical applications, particularly in relation to spatial distribution of trace

metals in hard human tissues such as kidney stone concretions, teeth enamel and hair.
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8.2 ELEMENTAL MAPPING OF TEETH ENAMEL-DENTINE
INTERFACE EXPOSED TO ACIDIC CONDITIONS

8.2.1 INTRODUCTION

Erosion in teeth is defined as a chemical dissolution of the dental hard tissues in a process
which does not involve bacteria, when acidic solutions came into contact with teeth for
prolonged periods of time. Previous investigations on teeth erosion with low energy
protons [Pro00] revealed certain areas of depletion of major components Ca and P in and
around the interface enamel-dentine (hydroxyapatite matrix). Figure 8.1 shows a
diagrammatic representation of the main causes and steps leading to the process of early
lesion formation (de-mineralization) in teeth. Since this dissolution may include the
depletion of TE associated with morphological changes [Meu91, Mil95], an investigation
into the role of TE in erosive processes in and around the enamel-dentine boundary was
undertaken. This present study focused on the detection and quantification of mineral loss

in early artificial erosion lesions.

Relatlve long
periods of time

pH unbalance
(low)

De-mineralisation
process

Erosion of
protective
hard enamel
tissue

Early leslon Surface and

Sub-surface

formation

Figure 8.1: Basic model for the process of erosion in teeth, highlighting the main steps
leading to the de-mineralization of the surface and sub-surface of the enamel.
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Panicular refercnce to variability on the spatial distnbution of TE in human enamel and
dentine  was investigated and their conelation with de-mineralisation and re-
mmeralisation processes especially for Ca, P, Fe, N1, Cu, Zn and Sr was investigated. The
detection and quantification of mineral loss in early erosive lesions was achieved by

using nuclear microprobe (NMP) techniques PIXE and proton-BS [Pin04].

Enamel

Dentine sUp-sURFACE REGION

ENAMEL

INTERFACE (Boundasy) |

S~ § "' DENTINE |

MNerve

- 50 um
EPOXY

Figure 8.2: Diagram showing the way in which the teeth scetioos (stze ~2 x 2
mm’) were extracted as well as an optical photograph of the specimen surface
prior to analysis.

8.2.2 IN VITRO EROSION SIMULATION AND MEASUREMENTS

An in vitro similation of erosion processes in a set of healthy molar human teeth (tests}
was performed in an acidic solution with pH 3.6 for 20 h. A contrel group was also
exposed to a neutral selution (threshold pH 5.6) with pH value in the range 5.6 — 6.0, for
the same period of time. For both tests and coptrols a sub-set of dentine and enamels
were considered: 6 cnanwels and 2 dentine for tests; aikd 4 enasmels and 2 dentine for
controls. In average Tectangular tecth scctions of approximately 10 nun’ in volume were
cut froun the melar teeth (Figure 8.2 shows a diagram of the way in which the sectionis
were extracted: the sections included the cnamel laver ~500 pm thick and a substantial
portion of the dentine material}).

Before exposure to acidic media each tooth section was divided mto two blocks of -2 x 2

1111'r|2 crss-sectotial arca, One block was usaed for creatment of the enamel and the other
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Dentine

Figure 8.3: Optical micrograph of a tooth section though the miciface enamel-
denrine showing some fractures n a transversal direction lo the plane of the mterface

for treatment ot the dentine surtacc. Either the enamel or the dentine was protccted
sclectively from the acid solution exposurs by the application of a vammish layer over the
ouler surface of the arca nor required for exposure to the acidic selution. OF particular
interest was the mterface cnamel-dentine where a change in the gradienr of major and
tracc clements could indicate changes of the elemental profile and distribution in relation
to the boundary metal distribution aud erosion in the sub-surface of the enmmncl.
Furthcrmore, tractures in the enamel ncar the interface may be play a mlc in the
elemental de-mineralization or re-mineralization m the evosion process [ChiOd]. Fgure
8.3 shows an opticul micrograph of a tooth section though the mterface enamcl-dentine
showmp some fractures in a transversal direction to the planc of the interface.

Subscquent to the in vitre simulation, samples surfaces were embedded m epexy and
carbon coated prior to proton beam irradistion. Analyses were performed with a 3.0 MeV
protons, focused 10 ~1.5 x 3 um® and scanned over areas trom ~10° pn” down to ~ 10"

unt” on selected areas of the enamel or dentine. The bearn current was maintained al
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between 200-400 pA Lo cnsure that the siability of metal distribution and content was not
disturbed. Total averape accumulated charpe for all size areas was of ~0.5 pl
Information on major components such as C, O, P and Ca were performed by proton-BS
and analysis ol trace elements by micro-PIXE using a Hp(Ge) detector which a solid
angle of 174 mSr. An aluminum absorber 102 um thick was interposed belween targel
and X-ray detector to reduce the bigh intensity Ca X-ray signals. Since the lngh content
of Ca in the hvdroxyapatite matrix is bigh {~40 %) which subsequent high X-ray counl
rafes, care was tiuken to ensure the pile-up rejection was well controlled by the beam-on-
demand system (refer to section 7.2.2). In average this pile-up was not bigger than 10 %%,

Evaluation of X-ray spectra for hoth groups (contro] and tesl) enamel and dentine was
deconvoluted and true, overlap-resolved elemental maps were obtained using the method
ol Dynamic Analysis. All samples were thick for the 3.0 MeV protons with an average

sffective depth ol analysis range ol 50 mg'om’ [br most of clements.

8.2.3 CHARACTERIZATION OF THE HYDROXYAPATITE STOICHIOMETRY
The assumed composition of the teeth matrix was hydroxyapatile wilh major components
being C, O, F and . Analysis by p-BS conlirmed this assumption. Also included in the p-
BS analysis was the determination of the fluerine conient as alomic fraction of the major
components. Atomic ratios of major components O, Ca, P, and F were determined by
simulation of BS spectra using the software package RUMP [DooB6). Typical values of
major components atomic fractions for a sel of analysis in either the dentine and/or the
gnamels in the control croup were similar (OGP CanF.) as compared to the lest group in
which these fractions values were (PysCaalvy s for both enamel and dentine, Fable 8.1
shows the reported values for each experimental sencs indicating the similarity of matnx
composition [or the dentine and the cnamels independently of being a contrel or a test. A
comparison of the p-BS specira for a control and test enamel is shown in Figure 8.4, Ttis
important to mention here that the determination of the F content by p-BS, contains a
certain level of uncertainty since the data for non-Rutherford cross scctions used were not
exactly at the 176° angle required for measurement of backscattered protons (1.0 < E, =
3.0 McV) at our facility. In stcad the database for non-Rutherford cross section at 165

from |Jes01] were used. The possible overestimation of the F alomic ratio non-complying
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with the hydroxyapatiie stoichiometric value may be explained by resonances present in

the proton etergy range under investigation. More precise measurement ot the Non-

Table 8.1: Evalvation of the typical atomic fractions for the
components of the hydroxyapatite enamels and dentimes,

O P IF Ca

CONTROL | Demine 5.1 1.1 1¢ | 29

Enamel 50 | 09 1.1 3.0

TESTS Dentine 0.5 0.5 0.5 23

Enamcl 6.0 0.4 0.6 30

Energy (MeV)
2.0 2.2 24 1.6 28 30
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Figure §.4: Comparison of backscattering spectra for an enamel control

and test specimens showing the edge inflexion point for each clement. By
= 3.0 MeV. Accumulated charge was ~5 p(.
Rutherford eross scction at our 176" seometry are needed in order to be able to have a

“true” value for the cross sections. Data ot these are m the process of being measured

and evaluated. In spite of the above discussion we have conlidence on the simulated
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spectra by RUMP en the p-BS spectra of fluorine. Simulation of p-BS spectrum from an
ehaniel contiol is shown in Fipure 8.5 with the edges for C, O, F, P and {2 marked on the

figure,

Lnergy (MeV)
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14 p— g s — ——e
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Figure 8.5: Simulation of backscattening spectiuin for a thick enamel
conlrol specimen showing energy location for each element. E,=3.0
MeV, Accumulated charge was -5 uC.

8.2.4 DISCUSSION ON TOTAL X-RAY ELEMENTAL ANALYSIS

Flemental analysis was restricted to the determination ol trace elements with Z > 19.
Main elements detected were Ca, Mn, Fe, Ni, Cu, Zn and Sr with traces ol Ph,
particularly after the 20 hours exposurc 1o the acidic solution. This i1s probably a
contamination product trom the solution and/or the epoxy used for embedding. Spectra of
specimens’ niaterial for epamel controls and tests arc shown mn Figure 8.6, A clear
difference can be observed on the conceniration value of Zn and Sr. A siilar
companson is shown in Figure 8.7 lor the case of the dentine controls and tests where

differetices were observed on Cu, Zn and Sr
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Figure 8.6: Extracted X-ray spectra by GeoPIXE I, showing the clements detected on a
control and test enamel. Total deposited charge per unit area was ~ 0,025 nC.um ™.

Table 8.2 shows the concentration values {in ug. g") a5 determined by micro-PIXE for

such elements determined as total contribution from all pixels analyzed in each scanned

arca. Data are shown for the controls and tests samples on dentine and enamel. By

inspecting the concentration levels for St in the controls (~140 pgg ') we notice thar afier

treatment their average concentration was reduced to ~80 pgg™'. This is a significant

reduction, which occurmed in all fests samples independent of being enamel or dentine. A

similar situation appcars to be gecurring for Zn, although to a lesser extent, since there

are twao lest enamels for which the Zn levels rather increase substantially (see Table 8.2),

Since Zn and Sr are two hiological important TE in relation to the structure of the teeth it

15 logical to thmk that the depletion of such elements after the exposure to the acidic

solution treatment is refated to an erosive Process.
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Figure 8.7: Sume as bigure §.6 bul for the case of dentne.

Sitice an opposile situation does eccur for He and Cu it is possible that a re-minerulisation
mechanism miy also oceur. As a way to compare the concentration levels of Ca found by
PIXE, these were compared 1o those found by p-BS expressed in weight % and assuming
a density of siimlar valug to that of hydroxyapatite (~3.19 g.cm M. The estimated ermor om
the conceintration found by p-BS is taken as an average over the whole scanned aca. This
value can be deduced from the expected chi-square trom simulated and expernnealat
data. Fvaluated valucs from RUMP give a figure of ~10%. Concentrition levels (in %)
for the major components of some dentine und enamel specimens, including an mterface
measurement, as detennined by p-BS with protons of 3.0 MeV are shown in Table 8.3.
Ca in particular varies in the mange 20-43% with the exception of one enamel for which

value was 51.21%. If we compare these values to those found by PIXE (Table 8.2) we
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with the hydroxyapatite stoichiomctrie value may be explained by resonances present in

the proton energy range under mvestigation. More precise measurement of the Non-

Table 8.1: Evaluation ot the typical atomic fractions for the
components of the hydrox yapatite enamels and dentines.

] F F Ca

CONTROIL. | Dentine 5.1 1.1 1.0 29

Enamcl 5.0 09 1.1 3.0

TESTS Dentine 6.5 (.3 0.3 2.5

Ename! 6.0 4 .6 3.0
Energy (MeV)

2.0 2.2 24 2.6 28 30
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Figure 8.4: Comparison ol backscattering spectra for an enamel control
and test specimens showing the edge inllexion point ler each element. G,
= 3.0 MeV. Accumulated charge was —5 pC.
Ruthertord cross section at our 176" gcometry are needed in order to be able to have

“true”’ valuwe for the cross sections. Data on thesc are i the process of being measured

and evaluated. In spite of the above discussion we have confidence on the simulated
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may ohserve that Ca oscillate between 26-36%,. Considening thal the vanation of metal

componenis in ological system s bound o relatively high standard deviations, it

Table 8.2 I'tace element concentrations (ip pg.g’') including Ca (in %) as determined by micro-
PI1XFE in selected areas {(enamel, dentine or the boundary between them) of specimens surfaces and
sub-surfaces. Values i brackels represent the caleulated MDLs. Some TE (Ni, 8r) appear to be

depleted after erosive treatment. On the contrary Fe and Zno tend to increase in value with erosion.

IREATED | Madisted on| o ~ Mn I Ni cu | s
| 623405 | ee2 L=l | 181200 | Bdel | 13942 | 15041
Crendine Boundary
(039 (25 (1.4) (1.1} (0 {08) (0.7)
31.3THLA a2 27+ 16607 | 16922 3240 1 12347
Nantine Nentine
(0.67) (3.7 (2.1 (1.6) (1.3} (141 (1)
i 32454071 5-2 21-] bd-0a | 102=1 | 20522 | 14742
= Dentine TBoundary
E (047 (1) (1.8 (1.3 (1.2} R (0.0
E 26.14H1.42 = 15.7HIY 18608 | B0+l 184=2 | 146=32
o Enarmel Enarmnel
£ (0.57) (%) (1.7} (1.3} (1.13 (09} | (D.8)
25 ARHLST n.d.# 25+] 19.4+] e 13621 | 147+1
Enarnel BGoundary
L6} (11 L) (1.2} (1.1} (1}
12 2240.57 n.d.* 14+ 231 | 2962051 14912 | 13111
Enamazl Boundary
(043} (1.2} [04) (0.7 {07 {0.6)
3253174 nd* IH2 d1+HLT | 445 11621 83+1
Dentina Boundary
{65) (2} (1.6} {1.4) (1.2) {1
31.13=055 n.d.* dh—1 0T ) 50240 131+] B5+l
Dentina Boundary
(0.6ly (1.8} (1.5] (1.3} (.1 {019
Jla5-0i62 nd* 78-2 I60E | 4T3=6 1342 | 8241
w Nentine Roundary
= [0.58) (1.7} {1.4] (1.2} i1} (0w
% . . NN ()
R PO AR61+0.54 n.d* T2 Td=048 | 441435 46044 | D5L2
& Frnamel Boundary |
! (054 (1.8) (1.4} (1.3} (1.1} (0.9}
| 29.92:047 | nd* $711 8L | 30844 | 55414 | 9912
Lnamel Boundary
({072 {2.2) (1.8} (1.7 i1.4} (1.2}
H 26.95+H0.84 n.d.® 5043 T+l 5617 1 TO9ES | 12043
Enamel Noundary
(1.5} (37 (340 (2.8) (2.5} (2.

n.d; not detected
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is logic to assume thai the concentration of Ca found by p-BS is in somc respect similar
1o that tound by PIXE. Other major compenent such as ) follow the same assumption,
['or the case of I' its concentration is still dependent on the correction of the Non-
Rutherlord ¢ross  scetion  database available at the present moment. However
stoichiometric value of I' on apatite (~1.24%) is quite similar to the found [ mean value

in Table 8.3 (~0.5%).

Table §.3. Concentration levels (in %) for the major components ol some
dentine and enamel specimens, including an imertiace measurement, as
determined by p-BS with protons of 3.0 MeV.

Specimen ' a [k Ii g C

| Dentine 18.75 42 .41 .32 2412 | 13.89
Enamcl | 2843 2610 | 0.041 | 32.25 | 13.16
(LO65 | 35.00 | 042

Dentine | 43.45 1.07 ¥
Interface | 3338 | 2486 | G828 | 2925 | 11.67
Dentine | 2862 | 3018 | 0.043 [ 3232 | 8483
Lnamel | 5121 7.7 [ 0055 | 3533 | 619
Dentine | 2369 | 3049 | 0386 [ 3239 | 13.03
Enamel | 2132 [ 2904 ! 0497 | 3271 | 1642

8.2.5 DYNAMIC MAPTING ANALYSIS

Elemental quantitative maps lor Sr, and for Zn o a lesser extent, showed that their
distribution levels over the area comprising the interface enamel-dentine were lowcer lor
the chamel. This applics particularly Lot specimens alter erosion treatment, The depletion
of Sr may act as a protectant against demineralization. contrary 1o the increase ol
concentration of certain elements such as Fe and Ni. Although it is not ¢lear why there
appears ¢ he a re-mincralisation process lor these two clements it is envisaged that their
role in erosion is not well understood,

Figure 8.8 shows the Ca and Zn maps ol a dentine control sample over an trradiated
region covering its interface enamel-dentme. The mapping comparison hetween Ca and
Zin maps (64 x 64 pixels; scan stze 1004 pmz} ina two dimensional space (represcnting
the level of correspondence between the two variables Ca and Znj is shown on the lefl

side of the [igure. This clearly mdicates two kinds of mapping distribotions; cach
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agsocialed with cither the dentine or cnamel arca. The weakest mapping similarity
corresponds (o the cnamel area. A similar type of rationale was found for the whole set of

dentines,

Ca-Zn Mapping Correlation

Figure ¥.8: Ca and 7Zn mapping distribution in a dentine control sample imudiated over an
area around the interface enamel-dentine, The simlarty between the maps of both elements
is shown on the left of the figure. This is expressed as two types ol distnbutions, cach
ussociated with either the dentine or the enamel regions, These are indicated by different gray
scales on the right side maps. The trend of the interface boundary is also visible. The weakest
correlation corresponds to that of the enamel region.
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The gradual varigtion of some elemenls such as Ni, Zn, St and to a lesser extent Cu and
Fe over the interface enamel-dentine was investigated. The content of Zn and 1n
particular Wi {nol shown in the Figure 8.8) over the interface appeared as a wider band
covering sections of the both the enamel and dentine regions with a gradual varianon of
the comrcsponding mapped clement (see Figure 5.9). To assess these gradual linear

variations, linear traverses were cxiracted from maps of sclected elements. Figure 8.9

e mas] 2ievl

' Enanmiel =7
, Ena gl =g

X {pixels)

Figure 5.9: Quantitative maps ol Zn for the same dentine control sample shown in Fig 8.8, 'fhe
interface enamel-denting is clearly visible. The rectangular shape lighlighted over the map was
used o extract the traverse profile by Geol'IXE 1L
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shows the map of Zn for the same dentine control sample (shown in Figure 8.8) where a
transverse rectangular shape was used to extract the average elemental concentration over
the linear direction of the rectangular shape. This information was plotted as a function of
the distance (in pm) for Ca, Fe, Ni, Cu, Zn and Sr (see Figure 8.10).

It was found that most elements exhibit gradual variations of depletion or enrichment
when considering the direction from the enamel to the dentine (see Figure 8.10). For
example, Zn have a value of ~30 pg.g"' over the enamel region, its concentration level
increased over the interface band to reach a value of ~70 pg.g” in the direction to the
dentine. Similar profile can be seeing for Ni. On the other hand Sr had an opposite
behavior with lower values in the dentine area. Previous results on the concentration

profiles of human teeth on the enamel-dentine interface showed similar trend for Sr
[Pin04].

8.2.6 TEETH ENAMEL CHARACTERIZATION FROM A LOW INCOME
POPULATION GROUP AT GUGULETHU, CAPE TOWN.

The problem of erosion in teeth has been addressed recently as one of the main causes of
teeth decay, particularly in children from disadvantaged communities where the
nutritional value of the daily diet is poor {Chi04]. At present there is relatively no data
available on the concentration levels of major and trace elements in enamel in such
population group. With a view to characterize the “true” elemental concentration levels
of raw enamel, a set of about 30 intact teeth extracted from persons living in the
Gugulethu region of Cape Town were obtained from the Department of Community
Dentistry at the University of Stellenbosch, South Africa. Age distribution was for
children (9-17 yrs) 17% and adults (8-68 yrs) 83%. Teeth samples from males (30%) and
females (70%) were extracted under anesthesia. Most of the teeth consisted of molar and
incisive specimens, some with the presence of decay at the top enamel surface. In order
to gain information about the average elemental composition of enamel in such group and
to establish a standard for enamel, PIXE using a Hp(Ge) detector was used at the nuclear

microprobe at iThemba LABS. Since this detector efficiency covers a wider range of

130



energies including low energy gamma-rays such as the 110, 197 keV lines from the '°F

(p.pY) IF reaction then simultaneous analysis of F was performed.
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Figure 8.10: Linear traverses as indicated in Figure 4 extracted from maps of
selected elements over the same area of Figure 8.9. Concentration levels (in pg.g™")

are shown for the enamel and dentine region. The arrow indicates the position of
their interface.
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Samples were analysed intact without any prior chemical treatment. Only the area
exposed to 3.0 MeV proton beam probe was cleaned with de-ionised water to remove
possible organic material bounded to the teeth as particulates which may have influence
the true content of trace elements. An aluminum absorber (102 um thick) was selected.
Irradiations were done on the outer surface (enamel) of all teeth. Since information at
high resolution was not a requirement then the proton beam was focused to a size of ~3 x
4 um®. Scanned areas of ~200 um’ and beam current ranging between 200-300 pA (with
a integrated total charge of about ~0.8 uC) were used. The dominant elements determined
were Fe, Zn and Sr, using the X-ray Ko line and Fluorine using the 110 keV gamma-ray
from the reaction "°F (p,py) '°F. This gamma-ray was detected simultaneously by the
Hp(Ge) detector. For this purpose an energy calibration of 130 eV per channel was used
to cover energies from 3 to 130 keV (see Table 8.4). The standard reference material
Apatite supplied by Astimex Scientific Ltd. (Toronto) was used to convert gamma-ray
yield into concentration (see section 6.4).

Mean concentration levels for all elements appeared similar when looking at the ratio of
sex (Zn: 1.0, Sr: 1.4 and F: 1.1) and age (Zn: 0.8, Sr: 0.9 and F: 1.0), see Table 8.5.
Although the standard deviations are high as expected from biological system variability,
the mean values reflect some group homogeneity irrespective of sex and/or age. However

this variability appear to be smaller for Zn and F in the children sub-group.
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Table 8.4: Trace elemental concentrations (in pg.g’) by
micro-PIXE on selected specimens of the Gugulethu teeth

sample. The values for F are given in [%].

Sél:gée Age | Sex Fe Zn Sr F[%]"
Gugll |A" |F n.d. 744+3 89+6 1.31
Gugl2 (A |M 18+7 999+8 4343 0.67
Gugl3 {A |F n.d. 379+3 844 0.39
Gugld [C* |M 1244 | 69349 65+5 2.15
Gugls |A |F n.d. 97247 52+4 0.69
Gugl6 |A |M n.d. 78346 68+5 0.13
Gugl7 |A |F 10+3 684+4 10245 2.56
Gugl8 |n.a. |na. n.d. 95248 73+4 1.16
Gugl9 |A |F 4616 45+2 161+7 041
Gug20 |C |F | nd 75145 55+4 0.67
Gug22 |A | M | 242417 | 17446 1842 0.97
Gug23 |A |F n.d. 1144411 | 664 4.72
Gug24 |A |F n.d. 63844 924 1.42
Gug25 |A |M n.d. 7164 102+6 4.20
Gug26 |A |M n.d. 49444 94+6 1.00
Gug28 |A |M 9249 601+7 85+4 2.01
Gug29 |n.a. |na. | 164 733+4 10545 5.71
Gug3l |A |F 4244 57145 9443 4.07
Gug32 |C |F n.d. 972+6 1767 1.76
Gug33 |A |F 4744 631+5 4443 2.92
Gug34 |A |F 1745 7946 | 109+£3.9 242
Gugds {C | M 5711 692:+4 8246 1.77
Gugd6 | C F n.d. 97344 n.d. 2.28
Gugd4? |A |F 2243 59246 1052 2.86
Gugd8 | A F n.d. 12144 n.d. n.d.
Gugd9 |A |F 20+3 963+7 114+6 1.71
Gug50 |A |F 1743 955+7 110+£5 1.94
GugSl |A |F 17+4 27943 12614 0.07
Gugs2 |A |F n.d. 185+4 118+6 0.01
Gugd3 | A F n.d. 867+14 | 50425 n.d.

" Relative error of determination estimated as 7%.
' A= Adult; 2C = Child
n.d. = Not Detected

n.a. == Not availlable
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Table B.5: Descriptive slatistics ol {he teeth sample concentration
levels; mean, standard deviation (STD} and relative error. The ratio
related Lo sex or age 15 also piven.

BY SEX
/i St F[%] | Sex
Mcan 663.0 97.1 18] B
5TD 3174 36.3 13| I

Hel, Em: LR 8.7 3671 C

8.2.7. CONCLUSIHON AND DISCUSSION

The process of demincralization in teeth erosion due to exposure 1o acidic media was
investigated in a group of test and control healthy human molar teeth. Information on the
major components showed marked differcoces between controls and tests particularly for
O, I* and 1. The atamic ratiog of major constituents in the matrix were charactenstic of
test or contrals wilth typical atios: Qs1Ca ) for tests and OyPy sCasFs s for controls.
Analysis by micro-PIXE showed that the levels of trace elements (TE) were enriched
and’or depleted according 1o the type of erosion treatment. Quantitative micro-PIXE
results showed a significant depletion or increasc in some TE, particularly Fe, Ni, Cu, 7n
and Sr [or tests samples (see Table 8.2}, On the other hand the correlation belween maps

of Ca and Zn 1n and around the interface between dentine and ¢namel in ¢control samples
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showed two types of mapping similarities (for enamel and dentine). The strongest was
related to the enamel area.

Mapping comparison showed that the spatial variability of TE within the enamel-dentine
interface was distinguished for both enamel and dentine and might give vital information
as to the role of TE in early erosion lesions. It appears that the structure of dentine and
enamel is not uniform with respect to the spatial distribution of TE and this may
determine the cause of teeth demineralization processes exposed to acidic media. On the
other hand the weak or strong reaction of the teeth to overcome the depletion of minerals
and their clinical implications should be studied in the future.

In relation to the study of teeth from a disadvantaged community in Gugulethu, Cape
Town, the main conclusion to be made is that in spite of high variability of the trace
elements concentration the mean value appear to be similar for all sub-groups (male,
females, adult or children). A smaller standard deviation was found for the children sub-
group, particularly for Zn and F. A novel methodology which has been explored recently
{Sha04] was the determination of F from the 110 keV gamma-ray simultaneously with X-
ray signal from Zn and Sr using the strength of the Hp(Ge) detector. With this
information on hand, future investigations will allow us to correlate the content of F with

possible de-mineralization in teeth and nutritional value.
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8.3 ANALYSIS OF HUMAN KIDNEY STONES: COMPARISON
BETEEWN TWO POPULATION GROUPS

8.3.1 Introduction

During the past two decades a great deal of scientific effort has been directed at the
characterization and studying the formation of kidney stones [Bro81, Smi81, Sch85,
Gal89, Pal90, Pin%4, Pin96, and Ash01]. However the hope that such studies would
reveal the cause of urinary calculus formation has not yet been realized, the main
reason being the multiplicity of factors contributing to the process of formation of
stones. Amongst these causal factors, pathological changes of the kidney and
metabolic disorders [Pak76], in addition to geographical, environmental, ethnic and
family related parameters have been shown to predispose certain people to stone
formation [Vah79].

The analyses of calculi have shown that all stones formed within the urinary tract,
irrespective of cause or composition, have, in addition to the crystalline inorganic
substances a second basic component, namely an organic matrix mixed with the
crystal aggregates [Boy59]. The most common matrix observed in kidney stones is
calcium oxalate. The calcium oxalate appears typically in three forms: the
monohydrate CaC,04H,0 (COM), the dihydrate CaC,04.2H,0 (COD) and the
trihydrate CaC,04.3H,0 (COT). Each one of these could also be present as different
crystallographic sub-groups, such as two COM monoclinic varieties with different
unit cell parameters sizes. However other crystallographic variations of these common
three may also occur (see Figure 8.11). This knowledge, together with data obtained
from crystallization experiments, has led to the development of the known theories of
stones formation. There are three mechanisms which are of importance in kidney
stone formation. These are nucleation, crystal growth and aggregation [Nan83].
Nucleation refers to the birth of sub-microscopic molecular species of critical size
within the supersaturated solution [Ver68]. This initial event can be either
homogeneous or heterogeneous, involving nucleation of more than one phase. As a
consequence of recurrent supersaturation and other factors, aggregation of the formed

crystal may occur, either by sintering or by interparticle bridging of polymeric
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material |Fin77]. With the subsequent trapping of the resulting polycrystalline mass

in the kidney, a4 stone is fommed.

[ Cryztal growth |

Association of at least
2 eomponents

Aggregation

\*
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Muclsation
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Malrix inttiatlon -
uromucoproleins

* Lack of mhibijtors - citrates
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L0k AFH
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Figue 8.11: Calcium oxalate kidney stone fommation model showing the rate of
phase development with pH of supersaturated solution. (AFA: Apatite; STR:
Struvite). Temperature, pressure and lack of inhibitors such as ciirates are also
critical in the mucleation stage [Wang6].

Two clinical studies have addressed the important question of whether any comelation
exists beiween the trace elements (TE) contents of calculi and that of urine and serum
of the patient from whoim the stones were obtained [Joo87, Hof89].

In the context of calcium oxalate stones particular Intercst is being paid to the effect of
trace element aggregaes as promoters or iohibitors in the three stages of stone
formation.

The present study concentrates on the determnination of trace elements (TE) m human
Kidney stones by nuclear microprobe (NMP). Interest was focused on detcoiining
levels of variability in elemental concentration of Ca and TE throughout selected
mero-regions of two sets of kidney stones, from Sudan and from South Africa The
emnphasis was on a statistical comparison of the bwo groups in tenns of their elemental

profile content by country and (o establish it a general trend n terms of elemental
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variability could be establish based on data obtained from microanalysis by PIXE and
proton backscattering (BS). A statistical comparison of the two groups of stones is
significant sincc this could highlight diffcrences in ferms of climabc conditions,

geographical circumstances as well us diet,

§8.3.2 Concretions description and measurements methodology

Eleven kidney concretions from the central regions of Sudan and eight from the
Western regions of Soath Africa were considered for this investigation. Sice of stones
varied from small (~1-3 mm) to big (- 1-3 cm) with masses of 5 mg to 5 g (see Figune
8.12). The topography was rough with accentuated sharp edges. Colour of stones
vaned from lLght brown to darkish grey. Clinically removed concretions were
embedded in epoxy at rooin temperature. Cross sections thmough the core were cut
with a dismond saw. The two resulting flat half surfaces were carbon coated prior to
proton bombandment (see Figure 8.13). One hall’ was used for micro-PIXE and (he
second one for X-ray diffraction (XRD) analysis.

CoD/CaT
crysial
Calowm Oxalate Monohydrate (COM) COM —=Outer Core
CaC,0, H,O
Uricitg —— Core
Calcium Oxalate Dihydrate (COD) C.H.N,O,
CaC. 0, 2H.C

Figure 8.12: A South African ealeium oxalate calculi (left side) exhibiting
the three phases COM, COD and COT. Sudanese were mostly oxalates with
some showing an uricite structure at the core (nght side)
Muost analyses were focused wnito measurements i and around the core region of the
stone. llowever imadiations were perform as well i the outercore, to study the
elernental protile at particular prowth localization outside the nucleation volume. "The

nucleation cell at the core of the concretions, in particular, some times could contain
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crysials ol mixed phascs which could generate epitaxial growth of phascs other than
the currenily prescnt at the core of kidney stoncs |[Mey73, Man80]. This can be
observed clearly in the South Afnican stone in Figure 8.12 where both the COM and a
mixrure of COR/COT are present. Typically the nucleation zone ocenpics a small
volume within the bulk of the caleuli, which size depends on the type and mass of the
whole concretion. For example the urieite stone in Figure 8.13a with a dvameter of
~30 1om has anucleaton core of ~ 2-4 mun with layers ol growth lonmed in the radial
direction towards the outer core. For the South African kidney stones series on the
ather hand, where average mass was simnaller {(<2-6 mm i diameter), the core
measured only tens ol win. In Figure 8.13b mucrographs of some conererions for both
South Alrican and Sudanese groups show clearly these variations in iz and structure
ol the fiat concretions surface, In general South Afnican caleuli were smaller than the

Sudanese however most of then were calciom oxalates.

10 mm

Figure 8.13a A Sudanese calenlt flat surface aller cuting through the core with a
diamond saw. Two halves were obtained: one used for PIXE and p-BS, and the
other one for powder XRD spectrometry.(1) Core (2and3) Out of the Core
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SA

Figure 8.13b: Micogruphs of some of representative caleuli for the South
African (SA) and Sudanese (S) groups. The size is indicated by (he scale
bar and the white arrow s pointing to the nucleavon region, where
analyses were normally perforined.
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A summary of the main steps of the analytieal methodology 1s shown in Figure §.14.
Samples were rradiated with 3 MeV prolons, Beamt cuirents of ~200-400 pA were
used to ensure thal no loss of metal constituents oceurred due to possible g nise in
temperature generated al the probed sample volume (to a depth of ~30 mg/em?).

Micro-regions (~100-1000 pm’) of interest were scanned by the 2-4 um beam probe,
at dwell time of 10 ms, Scan size of 128 x 128 pixels were used to ensure a good
resolution for mapping visualization. True, overlap-resolved elemental maps as well
a3 total micro-PINE data were obiamed using the method of Dynamic Analysis (DA)
[Ryal)2c]. Simultaneous proton-BS infurmation was also recorded for on major/miner

Components.

ri ‘\\ 1"' i \':/
! Cormespondence ! Group
it ; | ofe— | 1
~. Analwsis L7 \(,]Ustﬂ;.r"_@

- - Ty
-y - ’-u_..'i

Figure 8 14:; Main steps in the methodelogy for characlerization of the
kidney stene concretions. Correspondence Analysis (CA) provides a tool
for cluster classilication aceording to region,

8.3.3 p-B5 and XRD speciromeiry determinations

Major commponents C, O, N and Ca were determined by proton-BS. Table £.6 shows
the alomic ratias as determined by BS, as well as the phase identilication on kidnev
stone samples as delermined by X-Ray powder diffractrometry (XRD). Phases
determination were done using the 1998 1CDD release data [Pow98]. Of interest is the
fact that some of the stone phase deniification did nol corespond 1o the BS ratio
gvaluation. Since the size of the micro-repion iiradiated in and around the stones core

by micry-PTXE was of few hundres pmz, the actual elemental results by PIXE are
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focused exclusively to this micro-area Tn contrast, the analytical ares in XRD
determinations was ~ 1 x 1.5 cm’.

The rationale for the above discussion is substantiated well by the BBS spectru of
Figure B.14a, where a South African sample (2240A, with COM/ACOD core structure)
and a Sudanese (55, with uricite core strocture) are compared. It shows the presence
of nitrogen in the Sudmnese stone (55) which is related o the core phase strocture as
determined by p-BS. Moreover analyses by XRD showed that the main strocture in S5
wus COM. The simulutions of both spectrs are also shown in the figure, The relative
high cln-square value found for the sinwlation of the South Alrican sample in
particular, may be connected to the use of non-Rutherford scattering cross section for
protons #t a peometry angle (176" which is not the exact angle used at iThemba

LABS.

Proton Energy / MeV
2.0 22 2.4 2.6 2.8 3.0
BU T T T T T T T T T T - 0 T =Y T T T T
r— "._ -
e 2240A-South Africa 1
et L l (COMICOD - core: p-BS & XRD) |
60 | l |
= - AT ‘ -
s L

P i 1l
T 40 5
st i
5 L d
z 20 - _
- S5 Sudan Ca .
L Uit - cone: p-Ha) e A -

00 . = _I___L
250 300 350 400

Channel

Figurc 8.14a: Comparison of p-BS spectra for a calcium oxalate South African
(2240A) and a uricite Sudanese (55) caleuli analysed ar the core. Notice the
presence of N in the Sudanese stone.
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Figurc 8.15: XRD spectrum of a Whewellite-Weddelhile (COM-COD} type
samiple (2240 from South AMecu; see Table 8.6) and an Uricite type (4 from
Sudan; sec Table B.0).

Their muirix composition {as determined by proton-BS) was in general calcium

oxalate monchydrate: Whewellite (COM) and/or dehydrate: Weddellite (COD) (see

%.15), The Sudancse group had matrices, which exhibil a combination of both

nd COM, but in addition some of the stomes arcas were rich in other type of
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phascs such as uricite {scc Table 8.6 and Figurc %15} On the other hamd some
Sudancse samples exhibited two phases of COM moneclinic shown in Figure 8. 16 for
stone 83, The oceurrcnee of the two COM menoclinic phases may suggest that a
simitar eumbination could also appear in the case of other crystallographic groups
such uneile. However this hypothesis was not explored in this warlk.

Singe the XRD analysis performed with the XRD powder machine at iThemba LABS
use a Cu X-Ray beam wiih a lateral size of 1.5 cm as compared with that of the NMP
beam (size of ~2-3 pm), the total area analysed in XRD covered the whole stone
surface, From the above we can deduce (see Table 8.6) that uricite matrix in the core
of the 2260 stone did precipitate the formation of COD matrix in the outcr core of ihe
stone. This was found [rom a sccond irradiation of the stone in the outer core. A
reverse process occurred in the casc of the 83 stone from Sudan as shown in Table
8.0. The above discussion 15 llustrated 1 2 beller wav tn Figure 8.17, where the
alomic ratios of the matrix compasition {at the core) found by p-BS for stone S6 don’l

corrclate with the COM phase found by XRIDx

350 =i
XRD - Cu Tobe Beam see: 3 mm

300 | ,,l v Type A Whewelite (Cat 04 Ha0)
' Typc B mm wm oo+ Whewelite (020,04 H:0)

Intensity / Counts x 100

150 1
100 l.
¥
50
o P : . .
10 20 30 40 50 &C 70
2 Theta / ®

Figure 8.16: XRD spectrum of a Whewellite type sample (S5 from Suwdan; see
Table &.6) showing the presence of two differcnt moneclinic phases: Type A
and B in the [tgare. Dilfraction lincs in the region around 50 degrees are also
lype Al
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Figure 8.17; The atomic matios tor stone 55 (Sudan) found by p-BS (at the core)
poiit out to a N-rich type matrix. For comparison the COM phase found by the
XRD analysis at the outer core is shown. The opposite occurred lor the stonc §3.

8.3.4 u-PIXE determinations: results {rom total content

The elements Fe, Cu, Zn, Sc, Br and Sr were deternuned by oPIXE, Their
concentration levely are shown in Table 8.6. The analyses were dirceted primarily to
the core of the concretions. Theretore the concentrations given in Table 8.6 are related
to the particular phase found within the core of cach kidney stone. In gencral, the
spatial distribution of Ca (as major component) in most stones was non-unitorm, with
concentration values in the munge 15-40%. Our locus were on miero-PIXE data
showing the spatial distribution of TE, panicularly Fe, Cu, Zn and Sr lor both groups
of kidney concretions, Two typical PIXL: spectra ol the total X-ray counts over a
whole particular area are shown in Figure 8.18. [n addition to the main elements cited
provicusly smiall traces of Mn, Ni and Pb were also detected, however thesc were not
meluded in the analysis of results, Due to the presence of pile-up in and around the
region of Ph L, lines (~10.5 keV} this element was not included in the final results.

On the other hand Mn and Ni were below the detection limits in most of samples.
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Figure 8.18: PIXE spectra obtained with 3 MeV protons and a Hp(Ge)

detector (see details in section 7.3)

ot South Alrcan and a Sudancse

stomes, A 102 um Al absorber was used to reduce the high intensity signal
for the Ca K-lines. The pile-up and Ge escape peak profiles arc also shown

in the figure.

The histogram of the clemental concentrations (ugg) at the core for the two kidney

stones scrics is shown in Figare 8.19. Of importance are the high levels of Fe and “n
for some Sudanese concretions (S1, $3) and South Africans (23024, 2240B). The

Sample 4 (an Uricite matrix) showed elevated Jevels of Sr which comelate with the

fact that analysis by XRD gave an overall COM type. matrix for the cuter core,
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Figure 8.19: Histogram of the elemental concentrations {pgg ') at the core for
the two kidney stones serics. Notice the high levels of Fe and Zn for some
Sudanese concretions (S1, §3) and South African (23024, 22400). Sample 4
{un Uricite matrix) showed elevated levels of Sr.

Mean values of the concentration levels for each TE in each population group were
plotted to determine the level of correlation between the mean trace elemental profiles
of each group. This relationship {shown in Figure 8.20) highlights a type of linear
correlation between mean profiles. In particular it can be clearly noled two kind of
distribution governed in one hand by Zn, Fe and Sr, and Se, Cu and Br on the other
hand. This peint to a possible separation between group of stones which can be
visualized by other kind of statistical analysis such as comespondence analysis {CA).

Elemental concentrations of all stones as determined by pPIXE were submitted to
comespondence analysis (CA) [Gre90). Figure 8.21 shows the plot of the CA for the
first two axes, which contains approximately 805 of all the statistical information.
The South African stones were tight grouped near the origin of the CA plot and are

mostly defined by Cu, Br and Sr, with a high correlation between Cu and Br.
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Table 8.6: Trace clemental concentrations as determined by micro-PTIXE in mg.¢ for the

two South Alncan and Sudancse groups. A set of sub-groups from Sudan (A and B)

collected from population leaving in different regions of the Khartouwm area are indicated
in the left side of the table. Major components leyels are given as atonie ralios
determined by proion-BS. Qualitative identification of the kidney stones mairix phascs
were determined by powder XRD.

Sample Micro-PIXE Proton-BS XRD
Fe Cn Zn Se Br Sr € [ 8| N | Ca

1 =321 30=18 67x1.5 | 161,01} n.d. mlo| 2|4 11 COM

% 20M0=2.7 | 5.5=1.10 145413 | 1.1=09 | Lik3+1.1 | 43214 | 16| 4 b 14 COMMUricite *

3 73+34 | 4.0=2.4 G125 130225 | GH=20 Y525 204 11 COM

4 73=15 | R7=051 ) 4.2=037 [ 0.9=03 | L1504 | (.6+ik4 71 4| 46 Uricite

6 185102:6, | 33«12 50:095 | 1.4=07 | 4 8£0.73 | 9.1£0(L9 314 3 COM

51 532162 | 100=373 127 .. 13,0826 32426 6| 4 I 1| COM*

52 17143 | 40124 1R212.2 . 40421 | 377827 4 3 21 COM

53 205126 | 2.6:1.6 35414 | B1=1.1 { 22.8+1.4 | 143+t 9] 5] 4 1 1 | Uricite

54 2342 | 4m327 2142412221 1110024 [ 108131 3| 4 1| COMNMCOD

55 3124096 | 26404 | T3.5=0.33 | 0.7=03 7.0+56 102105 7| 4| 60 COM

21178 td. il oKLy | L5313 28£16| 7420 3l 4 ; 1l EON*

22408 416 | 3.0xd.6 14 2 | 7.0=5.6 | 904536 29+6.0 31 4 1 | COM/COD

22438 61145 gl 35429 n.d. A | C3ESS 21 4 1 COM

22608 45+4.3 | 40124 27124 . I RELE | HOE20D 81 4| 46 COMAZOD *

AI8TA 103+4.5 n.d. 24122 n.d. 32120 36£2.1 21 4 1 11 COM

1302A 2525, n.d. ST2413 | L3101 | 4500101 18514 ] 4] 4 2LCOM*

2336A 63x1.4 | 14+018 2106 n.d. U206 | 152=06 20| 4 5 COM ™

UWE B 38=hH.5 n.d. 63442 | 4033 S(427 | 3T7£33 2] 4 2 1| COM/COD

* Most likely matrix as determined by RBS analysis
1., = value is below the munimum detection Ll
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Figure 8.20: Plot of the mean value trace elemental profile for both the South
African and Sudanese comeretion proups. A type of linear relationship govemns the

retationship with two types of distributions: | and [l 'The position of Mn, Ni and
Pb do not play 4 mgjor mie i the defimition of the two.
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Figure 8.21: Cormespondence Analysis ol the first two axes for the two groups of
kidney stones from Sudan (I3 and South Afnca (S). Stomes from South Alnca are
cleurly clustered nto one group. One vutlier (8) has clemental profile thut reseinbles

mostly the sub-group 1 from Sudan.
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Two stomes 2117 imd 2302 were found to be outliers with 2302 mosty corrclared with
the Sudanese series.

The Sudanese series was clustered into two subgroups in the CA plot, characterized
by high levels of Sr (sub-group 1} and Fe (sub-group 2}). Two stoncs from Sudan 3A
and 2B were found to be correlated with the South Afnican proup. Although the two
subgroups of stones from Sudan (A and B) shown in Table 8.6, originated from two
different regions within the Khartown area in Sudan. the grouping lound by CA
analysis, does not appear to be assogiated with these two sub-groups (A and B) and
therefore they are notr associated with different geographical conditions prevalent in
Sudan. On the contrary, Sudanese stones were grouped o the CA plot according to
sub-groups 1 and 2 (sec Figure 8.21). These two sub-groups contuin Sudanese stones

from hoth locations.

8.3.5 Elemgental spatial distribution

As explained in Chapter 6 the calculation of elemental maps by the method of
Dynamic Analysis take into consideration the calenlation of a matrix transtormation
that eonvert counts inlo concentrations for a localised micro-region. Smee m mappmg
mode the prowon beam is moving pixel by pixel, it is expecied, as discussed in section
8.3.3, that in average the matrix composition within a localised micro-repion may
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This is particularly the case for Ca-rich biological materials in which the variation of
the matix correction factor [0Z) (see Figure 8.22) is heavily dependent on the
localised matrix composition. This dependence is furthermore influenced by the
yuality of physical parameters database {see Chapter 6). Caution must therefore be
exercised when dealing with this kind of systems, especially when using low energy
prowns (1.0 < E, < 2.0 MeV) and thin absorbers, Sioce in this investigution we used a
thick Al absorber o stop the 2.0 MeV protons as well as the high signals from Ca K-
lines X-rays, we conld conflidently be sure that the uncertzinty due 1o the evaluation of

K7) tor elements with 7. > 19 is small.

100 um

Figure 8.23: Elementul maps for Ca, Fe, Cu and Zn obtained by the method of Dynamic
Analysis (DA} for sample S3 - Sudanese kidney stone at the core (Matrix composition
Uncite us determiped by XRD). Areas scapned werce 128 x 128 pixels. Lateral beain
resolution was ~2 um. Total accamulated charge was 0.5 plC.
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Mapping similarities op the series of kidney concictons showed that the spatial
variability of TE within the areas analysed supply relevant information as to the tole
of TE in early kidney stone formation for particular elemental phases such as Zn and
Sr. This phase nonmally correlate well with Ca in most of the South Alrcan and
Sudanese calcium oxalate stones, with the exception of few [Pin85], Figure 8.23
shows the elemental maps for Cu, I'e, Cu and Zn obtained for sample 53, Sudanese
kidney stone at the core. Although the matrix composition a8 determined by XRI) was
Uricite, analysis by PIXE also detected Ca. This 15 well explained by the results
obtained (rom the atomic rmtios analysis by p-BS (see Table 8.6). Trace clements Fe

and Zn (and Cu to a lesser extent) appear to correlate well with Ca.

Zn | Sr

Figure 8 24: Elemental maps of Ca, Zn and Sr for samples 52 (Sudan}, 2240 and
2302 (South Africa). Note the similarity in spatal distribution for the 52 and the
2302 smuple. Lxperimental corclitions were as in Figure 8.23
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When maps of Ca, Zn and Sr are compared for sample 2302 {South Alrica) a fair
similanty in spatial cistribution was found (sec Figwe 8.24). However for South
African sample 2240 and Sudanese S2 such similarty did not occur. This could be
explained from the correspondence analysis in Figure 8.21 where the South Afncan
sample appears as outlier in the statistical plot, The lack of similarity in maps of Ca,
7n and 5r for Lhe sample 52 may be due to the presence of more than one phase class
within the matrix core.

Lincar traverses cxtracted from sclected niicro-regions of the stone-corc supplicd
imformation as to the lincar variabilily of coneentration levels of certain elements such
as Fe, Cu, Zn and Sr (sce Figure 8.25). There was a tendency for Zn (and Fe to a
lesser extent) to mcrease al the paricular location, marked my in the figure, within the
lincar traverse. This location is thought o be related (o the centre of the core region.
Linear traverses lor Sr however, did nol show a similar trend for the two slones

samples, with Sr having maxima at different locations,

8.3.6 Summary

Two zroups of human Kidney concretions from South Afnica and Swdan arc compared
in terms of their matrix-phases as determined by XRD and proton-BS, The
concentration values of the trace elements (TE) analvsed by pPIXE (Fe, Cu, Zn, Se.
Br and Sr) showed a linear trend when their mean was plotted for both groups of
stones. Statistical analvsis of uPIXE evaluated by Correspondence Analysis showed
that the 2-dimensional plot of axis 1 and 2 (holding up to 85% of the data
information) could explain the formation of two clusters, corresponding o each the
South Alvican and the Sudanese stone sroups (p=<0.03}, Moreover the Sudancse group
was cluslered as iwo separaled sub-groups which were not related to geographical
conditions, The core of most stoncs was COM, COD or mixtures, Simulations of p-
BS spectra for thick kidney stone targets help as a gnide for quantitative phase
identification of Cla oxalate phases. Diffcrences in the ratio of certain elements such as
Fe, Zn and Sr can be used to characlense possible role of TE in the development and
growth of stones. The combination of XRD, proton-BS and pPLXE provided a
powerful sel of lechmgues Lo characlerise the composition of kidney stones in the core

region.
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8.4 ANALYSIS OF HUMAN HAIR CROSS SECTIONS FROM TWO
DIFFERENT POPULATION GROUPS

8.4.1. INTRODUCTION

As we move inlo the 217 century modem technologies which depend to a great extent on
others such as nanotechnology, will have an impact on the way human big-systems re-
engincer themselves to adapt to new types of matenals and chemicals swhich will bring
implicitly new mechanisms and levels of oxicity nol known at present. Currently, in
miodern society inereasing amounts of anthropogeme and ubiguilous ulira-fine particles
such as in exhaust ¢cmission aerosols, pigments. titanium and silicon oxides and many
more  {with sizes of ~-20-200 nm diameter) arc being manufactured for inclusion on
product development to supply the cosmetics, surfactants, aerosols industnies. Tt 1y well
documenied, (hat the threshold barrier at which the body controls absorption (through the
lungs) of toxic fine particles 1s of the vrder of ~2.5 pm [Vil93}. On the other, hand the
stratunt corneumn of skin serves as an importanl barner function by keeping molecules
and/or ultra-fing particles from passing into the body. This skin threshold barmer towards
the envirotnent or the mechanisi to stop penctration of possible toxic substances is not
well undersiood |For¥3), lnuthermore, it has been documented cxtensively that certain
toxic elements ave accumulated with time in the hair shaft as the hair grows [HaiOll If
toxic clements and/er compounds that are or will be manufactured m the future cater the
body owver short andfor long periods of time, they may create body dysfunctions and
health problems (sce Figure %.26). Analytical techniques capable of deternmning the
internal hair distribution of such toxic materials om cross sections 0f human hair shadi,
such as PIXE will help to perform guality coutols in parallel with other teehniques which
do not have the mapping capability [Pil78].

Larlict research on elemental analysis of hair cross sections by PIXE [Ilon%5] showed a
comvenient way for guantilative delernmnations of metals radial distributions in hair.
However, this approach was restricted to proton beams sizes of 8 x 23 wm”. Furlhermore

bulk elemental analysis of human hair by other techniques such as Ion Inductive Coupled
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Plasma Mass Spectremetry (ICP-MS), Atemic Absorption {AA), has heen established as
an important sereenimg techmque to assess body-tiutrient levels associated with poor
health conditions andfor toxicity due to environmental pollutants particular for long
pericds ol time [Val?6, Cag95, Jas96, and Cla85]. In spilc of the great number of
research analysis reported on this material by a wide variety ol instrumental analytical
techniques [Aud04, Cavl)3, and HalCd4] relatively bitle is being donc with TBA
techniques, particularly with micro-PIXE [Val96] The reasons for this may be the
sensitivity of hair to stroctural changes during proten bombardment and/or sample
preparation.

Hair shall Cross section

Cuticle (1)
Medula (2)
Cariex (3}
G
Acoumuiation .
1o hair
Body
dysfunctinn

T ' 4

Figure 8.26: Elements pathway for absorption by the human body and accumulation
in hair shaft. A threshold bamier B for every chumnel of absorption is defined:
Ingestion; Skin |Fir95]; Lungs [Vil93]. Accumulation m the cuticle, cortex and
medulla can be visualised well by micro analysis of hair cross-sections by DA
methodology (sec lower left side).

Reports of bulk analysis from one or several pepulatien groups have been reported

[Pil81, Zha89, Ser()2). However, rescarch ol clemental mapping distibution and content
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In the framework of human physiology, the concentration levels of elements in body
tissues appear to be correlated with local nutritional and/or toxic conditions for a
particular population group [Mur02, Zak98, Vas02]. Applying this same rationale to the
case of human hair and considering that blood flow through the follicle brings in metals
within the hair shaft growing process, a concise investigation into the metal content and
distribution in hair cross sections from two different human populations groups was
undertaken.

The main objective was to compare the internal elemental spatial distribution of hair shaft
in these two groups to obtain information as to the level of correlation between live style
and other environmental conditions of the two groups. This investigation dealt with the
evaluation of elemental content differences in hair-shaft cross-sections from healthy
individuals from Sudan and South Africa. Results on the elemental two-dimensional

distribution and statistical significance of elemental profiles were also addressed.

8.4.2 Samples description and nuclear microscopy measurements

Hair sample material from healthy male South African (average age 36 years) and
Sudanese (average age 35 years) living in urban areas within the areas of Cape Town and
Khartoum was collected for analysis. Hair shaft of about 2 cm long was removed with a
tungsten knife from the occipital scalp region of each subject. Samples were washed with
de-ionised water, rinsed in ethanol and allow drying at room temperature. Thereafter hair
samples were embedded in resin. Thin cross sections of ~ 5 pm were cut in a microtome.
Block sections infinitely thick for the ion beam were also prepared. Prior to micro-PIXE
analysis samples were carbon-coated to prevent charging during irradiation. Samples
were stored in a desiccator until irradiation with 1.5 and 3.0 MeV protons. Beam current
of ~50 pA was used to prevent evaporation of volatile elements exposed to a possible
temporary temperature rise while under irradiation. Selected micro-regions were scanned
with a proton beam focused to about 2 x 3 pm? spot size. The combination of low current
intensity and a relatively small beam spot ensured the stability of the hair material at all
times. Areas covering the whole cross section were scanned in a map-array of 128 x 128
pixels with 10 ms dwell time. PIXE and proton backscattering techniques were used

simultaneously. Off-line analyses of experimental data recorded in event-by-event mode
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were performed with GeoPIXE-II. Elemental concentrations based on PIXE spectra
extracted from selected regions within the cross sections were obtained using Dynamic
Analysis (DA) method. Concentrations of light elements not detected with PIXE (C, O

and N) were obtained from p-BS spectra extracted from the same regions.

8.4.3. Discussion on total content of metals found by both techniques
Elemental matrix composition for major components found by RUMP (see Table 8.7)
showed a similar trend in both population groups. With average composition C7006N2So.1
and C3007N2S.1 for the South African and Sudanese groups respectively. Figure (8.27)
shows the typical p-BS spectra of the two population group. Observed concentration
levels of major components are in the range values from hair standard reference
materials.

Average concentration levels of S, K, Ca, Ti, Fe, Ni, Cu, Zn and Sr, obtained by
irradiation over the whole cross-sections areas, with 3.0 MeV protons is given in Table
8.8. A South African sample (SA4) in particular had very low concentrations of S, Ca and
Zn as compared with the other South African and Sudanese hair samples. The Sudanese
group on the other hand appear to be more homogeneous as far as trace and major
components is concerned.

Table 8.7: p-BS atomic ratios of major components in hair

samples found by RUMP
Sample C O N S

S1 52| 04| 14| 041
z |82 6.2] 03| 16| 0.1
8] s3 68| 09] 21| 0.1
71 s4 80| 1.3| 2.8 0.1

s5 |10.0| 13| 3.0| 0.1
<l sa1 | 70] o1] 18] 01
%| sA2 | 87| 08| 24| 0.
g sA3 | 10.0]| 04| 28| 0.1
2| SA4 | 85| 16| 1.8 02
“1 sa5 | 52| 08| 15| 0.1
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Figure 827: Typical p-BS speetra from a South Aftican {up) and a
Sudanese (down) hair cross-scetion. The total spectra show a similar trend
it both groups with atemic ratios CA0, N2S), and CeyN,Sy, for the
South Alrican and Sudanese samples respectively.

Of importance is the presence of Ti in both groups, although more pronounced in the
group from Sudan, with highest value being ~450 pg g for sample $1. Only sample S4
had a Ti concentration value similar to that of the South African group. Overall profiles
for § {mainly i1 the contex), Ti, Zn and Sr are also shown in Figures 8 28 and 8.29 wheie

we could see in penieral that the concentrations of these elements are depleted in the
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Table8.8: Elemental concentrations of human hair shaft cross-sections found
by PIXE [in pgg™'].

Sudanese specimens
Element ST s2 $3 s4 S5
S 26120+1300 | 2952042300 | 18660+1150 | 161204900 | 15720800
K 353+14 323+11 232413 8249 19249
Ca 415+13 262+10 558+12 | 15944 23745
Ti 446411 22848 30046 10+10 161+8
Fe 1412 65+1 107+£2 18+1 140+3
Ni 7+0.8 211 n.d. n.d. 1+0.4
Cu 11.40.7 4.3:0.6 13+0.6 5+0.4 18+0.7
Zn 23143 10543 15842 14542 10542
Sr 1842 8+1 111 1141 6:0.7
South African specimens
Blement ——g73 SA2 SA3 SA4 SAS
S 110704650 8500330 80104420 1360+156 | 14250+890
K 253412 659+19 422416 14545 79+6
Ca 41749 29748 30645 2245 22242
Ti 42+4 3143 1342 n.d. 3242
Fe 20+0.6 7342 9+0.4 5.240.5 18+0.4
Ni n.d. 3+0.3 n.d. n.d. n.d.
Cu 6+0.4 7+0.4 6+0.3 1.1£0.2 540.3
Zn 5241 68+2 47+0.7 2+0.5 6243
Sr 240.6 n.d. 2.3+1 n.d. 1+0.2

n.d. == below detection limit

Elemental maps obtained by the method of dynamic analysis of shaft hair cross-sections

obtained with proton beam of 1.5 MeV showed primarily the distribution of S, Ca, Ti and

Zn. Their range values in all three areas (cuticle, cortex and medulla) are indicated in the

Figures 8.30 and 8.31. Regions of enrichment and depletion were observed in the cuticle,

cortex and medulla areas of the hair cross-sections. Figure 8.30 in particular shows the

maps of S and Ca for typical a Sudanese and a South African samples. Ca had a level of

~0.4% in the medulla of the Sudanese hair while its value was 50 pg.g" in the South

African one. S on the other hand had a similar cortex distribution for both samples with
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mean value content of ~3.5% (Sudan) and ~4.0% (South African). However the sulphur

content in the central region is grater for the South African one.

350 i
300 - : S
[~}
L=}
- Sudan gmmmems
& 250 1 L-—--—> South African
% i
~ 200 - i
4
o] i
o
g 150 i 1
& i
w
O 100 -
2 i
8 :
0 . ~
S1 §2 853 sS4 S5 SA3 SA4 SAS
500 ;
450 - i ]
Ti
& 400 - i
‘3 | Sudan R R .
£ 350 l—-———> South African
€ 300 - :
8
B 250 |
£ 200 1 :
& i
O 150 -
& i
O 100 - i
50 - -
N e M
SA1 SA2 SA3 SA4 SAS

Figure 8.28: Elemental proﬁle for S and Ti for both series of hair samples. The
mean S ratio S(S)/S(SA) = 1.8 while that for Ti is 14. Sample S4 appear to have a

similar Ti concentration as the South African group

Of significance is the positive correlation of the distribution for sulphur and calcium in

both the medulla and the cortex regions for the Sudanese hair section. For example in the

medulla region of the Sudanese hair cross-section the sulphur content is ~1.8% while that

for calcium is ~0.4%. On the other hand a similar profile occurs for the cortex where the
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mean values of sulphur and calcium are ~3.5% and ~0.1% respectively. A similar
situation occurs for the South African sample on the right of Figure 8.30 medulla and
cortex sulphur and calcium. However the values for Ca are much lower than for the case
of the Sudanese hair section with medulla-calcium is ~50 ug.g'l and cortex-calcium is
~400 pg.g”. Normally the concentrations of both S and Ca were relatively smaller in the

cuticle external region of the hair shaft when compared with the concentration levels in

the cortex.
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Figure 8.29: : Elemental profile for Zn and Sr for both series of hair samples. The mean
Zn ratio Zn(S)/Zn(SA) = 2.1 while that for Sris 5.
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Furthermore the maps of T1 and Zn showed in Figure 831 pave a different picture.
Althouygh, Ti is present in all three sub-regions (cuticle, coriex and medulla) it has a
higher concentration level in the cortex region with values of ~0.1% and ~300 we.p for
Sudunese and South African samples respeetively. For the medulla repion these values
were ~250 pggland ~300 pug.g”. The concentration levels of Zn follows an inverse
pattern in the cortex arca with values of 10-200 ug.g” for the Sudanese and 100-

250 pg.g for the South African,

CUTICLE

CORTEX
3.5%
CORTEX
4.0%

MERMEL A - '
MEDULLA

3.5%

Figure 8.30: Maps of sulphur and calcium for a typical Sudanese (left) and South
African (right) hair cross-sections. The range values in all three areas (cuticle, cortex
and medulla) are indicated in the figure. Note the mverse comelation of these two
elements in the medulla region. Sulphur appears to be distributed similarly in both

samples,

Elemental data for PIXE and p-BS was submitted for evaluation lo cormespondence
analysis. Figure 8.32 shows a plot of the first two dimensions taking all variables and

samples into copsideration. No supplementary points were defined since the total incrtia
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between hoth diunensions | and 2 ameunted (o more than 90%: of the whole informaton
The Sudanese group appear to form a tight cluster while the South African group was
scattered forming an elongated group. This clongaton was determined primarily by the
sample SA4 which have o low content of S, Ca and Zn. The Sudanese group on the other

hand appear to be more homogenecus as far as trace und major components is coneerned.

Zn

aopum | ZN 40 pm

Figure 8.31: Samc as Figure 8.30 but for zinc and strontium . The range values in all three
areas (cuticle, cortex and medulla) are indicated in the figuge. 'T1 is present in all thice sub-
regions with a higher level (0.1%) in the medulla.

8.4.4. DISCUSSION AND CONCLUSIONS

Both groups of hair samples originated from urban areas lrom healthy and medivm class
standard of living within Sudan (Khartown region) and Scuth Africa (Cape Town
region). The similsrity of mean matrix composition in the two groups as determined by
backscattering analysis is significant since these are two completely different population

groups tuiles a pant and with differsnt geographical conditiens. However the South
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African group presented a different pattern when considering the trace element analysis
alone with depleted levels of Ni, Cu and Zn for most of them in addition to a relative
variation in theit content, as compared to the Sudanese data. The low contents for 5, Ca
and “n in sample (54) may be indicative of nutmtional deficiency andfor toxieity
condittons. However conceniration levels ol such clements in scalp hair from previous
reporied work is known to vary substantially (S: 1.5-4.5 %; Ca: 200-3000 pg.e™'; Zn: 75-
250 pg.g' |Har82, Eng89| according to race, nutritional value and clima The presence of
Titanium in both groups particularly in the cortex may peint to a possible intake ol this
clement by the body. It is unlikely that Ti occuming trom extemil envimonmental sources

may have mfiliratcd through the cuticle into the cortex. Particularly since the values are

rather high (1000 up.e™).
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Fipure 8.32: Comespondence Analysis plol of elemental concentrations data obtained
for Sudinese and South African pmups tor dimensions 1 and 2. Notice the tight
clastering of the Sudanese group.
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This particular finding should be investigated further in the future in a bigger sample
population to be able to draw final conclusions as to the more acceptable theory for the
“true” source of Ti and its possible role in pathogenic conditions not known at present.

The data on trace elements exhibited in Table 8.8 has shown that the Sudanese group has
a more homogeneous pattern although with a higher concentration of Ti than the South
African group. In particular sample SA4, with very low levels for sulphur, calcium, and
in general all trace elements is a special case that needs further investigation to be able to
find the correlation of its metal content profile and a possible toxicity condition in the
body. Statistical analysis of data by correspondence analysis generated a clear separation

between the two population groups with the Sudanese group presenting a very tight

cluster.

SUMMARY

Trace element analysis of hair was used to assess the content of metals in two population
groups and to screen hair shaft of subjects for body-nutrient and/or toxicity levels due to
environmental pollutants. The main objective was to compare element content and spatial
distribution within scalp hair-shaft cross sections of these two distinct human population
groups, and to assess possible similarities and/or differences. Proton backscattering and
Micro-PIXE were used to determine the matrix composition and content of light and
middle transition elements, with beam energies of 1.5 and 3.0 MeV. Mapping analysis
showed a relatively similar content distribution for K and Ca within each group. However
significant differences, particularly for heavier metals, such as Ti and Zn were also found.
Correspondence Analysis of the data showed a clear separation between the two groups

when the total content over the hair cross section was considered.

166



Appendix A
Input file for the IGUN Program for the Ion source simulation

IGUN has built in boundary processing of PLYGON, which gives a CAD- like user
interface to set up the boundary, including definition of internal electrodes, dielectric
boundaries, and slanted Net?imann boundaries (field lines as boundary elements). The
input now is mesh indepen ‘ent and can use any coordinates from a drawing, accepting
any offset. The output of the equipotentials, field line and trajectories ( to be used in a
further run) has the same offset and units, which greatly eases the organization of
concatenated runs, e.g. high! mesh resolution in the plasma region, lower mesh resolution
downstream |

Ext _106c¢.in (90/65mA, Positive EE, EE by Dan)

&INPUT1 RLIM=45,Z1LIM=5285,POTN=4,P0T=0,4705,0,-8326, &END
3,0, 0 (electrode No 3, and R, Z are polar coordinates)

3,44, 0

-

-

N

-

2. 7.83309, 9

1002, 7.833095, 10.8
1.8

2. 8.16406, 9.03069

9,39
4, 39

~J
(9]
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, 44, 142
, 44,216

1, 1,219

1,44,219

1, 44,224

1, 0,224

3,0,0

&INPUTS

MAXRAY=30,STEP=0.05,TE=4,Ul=0,MASS=1,RP=2,ZP=1 NS=15,HOLD=15,
PDENS=5.7E11,AMPS0O=0.00050,NSCAN=2,SY=8 DSCAN=5,ZSCAN=0,LASER=T,
WRTEQU=-5000 &END

&BUNDLE RB2=4 &END
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APPENDIX B

Input file for the TRANSPORT program from ion source to the end of
the accelerator tube

/lon Source+ Lens+ Accelerator tube. /
0 (Indicator card means the following describes a
new problem
15. 11.0 /MEV/ 0.001; (Input-output units)
15. 1.0 MM/ 0.1;
1.1 7170.0.4.3323/BEAM/;  (Guess of initial beam parameters)
16.4.0 100.0; (Special input parameters)
16. 3 1837.7 /MASS/; (Mass of the particles comprising the beam, in units
of electron mass)
3..061 /D/; (Drift Space)
6.1.043.04; (Transformation matrix update)
3..02/D/;
11. 0.0 .0029;
11.0.002 1; (Electrostatic acceleration section)
11..02 1;
11. 0.002 0.0,
..019/D/;
.1.043.04,
..081;
1131,
..002/D/;
..075/D/;
11. 0.0 .0028;
11.0.005 1;
11..051;
11. .014 0.0;
3. .461/D/;
6.115315;
11. 0.0 0.0064,
11. 01 I;
11..091;
11..01 05
3. .118/D/;
6.115315;
3..012/D/;
11..0 5.988;
11..027 .0051;
11..027.0103 ;
11..027 .0153;
11..027 .0205 ;
11..027 .0256 ;

W W O L O W
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11.
I1.
1.
1.
1.
11
11.
11.
1.
1.
1.
11.
1.
1.
11.
1.
I1.
1.
I1.
11.
11.
11.
11.
11.
1.
11.
11.
1.
11.
1.
11.
11.
11.
11.
1.
I1.
11.
11.
.
11.
11
1.
1.
1.
11
11.

027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027
027

.027
027
027
027
027
027
027
.027
027
027

0307,
.0359;
0410 ;
.0462 ;
0538 ;
0615,
0692 ;
0769 ;
.0846 ;
0923 ;
1076 ;
1153,
1231
1307,
1385
1461 ;
1583 ;
1615
1692
1796
1846,
1923 ;
.2000 ;
2076 ;
2153,
2230
2307 ;
2384
2461 ;
2538 ;
2615 ;
2692 ;
2769
2846 ;
2923,
3000,

3076
3153,
3231 ;
3307 ;
3384,
3514 ;
3538 ;
3615,
3693 ;
3784 ;
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1.
1.
.
.
11.
11.
11.
11.
1.
1.
1.
1.
11.
Il
1.
11.
11.
i1.
11.
11.

11

1L
11.
11
1.
11.
1.
1.
1.
11.
I1.
11.
11.
11.
I1.
11.
11.
11.
11.
1.
1.
1.
.
1.
11
1.

027
027
027
027
027
027
027
.027
027
.027
027
027
.027
027
027
027
.027
027
027
027
.027
.027
.027
.027
027
.027
027
.027
027
027
027
.027
027
027
027
.027
.027
027
027
027
027
027
027
.027
027
027

3846 ;
3923
4000 ;
4076 ;
4153,
4231 ;
4307 ;
4380 ;
4462 ;
4538 ;
4615 ;
4692 ;
4769 ;
4846 ;
4923 ;
.5000 ;
5076 ;
5154,
5231 ;
5307 ;
.5384 ;
5462 ;
5538 ;
5615 ;
5692 ;
5769 ;
.5846 ;
5920 ;
6000 ;
.6076 ;
6154 ;
6230 ;
6300 ;
.6380 ;
6462 ;
6538 ;
.6615 ;
6692 ;
6769 ;
L6846 ;
6923 ;
.7000;
7076 ;
7153
7230
7307,
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11. .027 .7385;
11. .027 .7462;
11. .027 .7538;
11. .027 .7615;
11. .027 .7692;
11. .027 .7764 ;
11. .027 .7840;
11. .027 .7923;
11. .027 .8000;
11. .027 8076,
11. .027 .8154;
11, .027 .8230;
11. .027 .8307;
11. .027 .8384;
11. .027 .8462;
11. .027 .8538;
11. .027 .8615;
11. .027 .8692;
11. .027 .8769 ;
11. .027 .8846;
11. .027 .8923;
11, .027 9000 ;
11. .027 9076 ;
11. .027 9153,
11. .027 .9230;
11. .027 .9307;
11. .027 .9385;
11. .027 9462,
11. .027 9538;
11. .027 9616,
11. .027 9692 ;
110 .027 .9769 ;
11. .027 9846 ;
11. .027 .9923;
11. .027 1.000;
3.1.0/D/;
13.48; (Bending magnet input specification)
16.7.0 .7,
16.7.0 45;
16.8.02.8;
13.1.0;
13.3.0;

3..109 /LY/;
5.01.110-1.522.5/QUAD1/; (First electrostatic quadrupole lens)
3..085 /L.2/;
13.1.0;
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5.01.110 1.5 22.5 /QUAD2/;  (Second electrostatic quadrupole lens)

3..440 /L3/;
10. 1.0 1.0 50.1 /FITY/; (Fitting beam $ize t0 Yya,=0.5 mm)
10. 3.0 3.0 50.1 /FIT2/; (Fitting beam size t0 Ymax=0.5 mm)
SENTINEL (Plotting the TRANSPORT run to view the fitted bean
envelope)
/*PLOT*/ '
1
SENTINEL (First one signifies the problem is terminated)
SENTINEL (The second one signifies the end of the TRANSPORT
run)
Note that:

e Each element is given by a sequence of items, mostly numbers that are separated
by spaces and terminated by a semicolon, which is a requirement to run
TRANSPORT. The items, in order, are a type code number, a vary field, the
physical parameter, and an optional label

e This TRANSPORRT run is a simultaneous multi envelope fit in which several
sets of measured profile data are fitted. In this case six TRANSPORT run were
fitted.

e The commands given I the appendix are merely stated to explain the meaning of
the different elements in the beam card, and are not required when running the

program
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APPENDIX C

In chapter four the measured potential distribution in a hot-cathode duoplasmatron ion source was
shown. The distribution has been explained in terms of four layers of charge between the cathode and
anode of the source and by applying Gauss’ law and Poisson’s equation. To simulate the potential
distribution in the ion source the potential distribution of four layers of charge between two parallel
conducting plates, connected to a DC voltage source, has been calculated. For the calculation it is
assumed that the transverse dimensions of the two plates and the layers of charge are large compared to
the distance between the plates. Under these conditions the potential distribution in the region between
the center points of the two plates is described approximately by the one-dimensional Poisson’s
equation. The calculation is further done for homogeneous charge distributions in each of the four
layers. Poisson’s equation is solved piece-wise for the nine regions between the two plates. The
integration constants are determined from the distance between the two plates, the applied voltage, the
position and width of the layers of charge as well as their densities, and the requirement that the
potential and field strength should be continuous at the boundaries between layers of charge and charge-
free regions.

The gap between the two plates, which extend in zy-planes, are divided in spaces numbered one to nine
and are defined by the x-coordinates 0, X;, Xz, X3, X4, X5, X¢, X7, X3, X9. The two conducting plates
positioned at coordinates 0 and X, are at potentials 0 and V,, respectively. The four layers of charge are
located in the regions between coordinates X; and X;, X3 and X4, X5 and X, X7 and Xs, respectively. The

regions between coordinates x; and x3, X4 and Xs, X¢ and X7, and xg and X, are free of charge.

Since the field between the plates do not vary with time and is independent of the z- and y-coordinates

near the centre of the plates, the potential distribution in each of the nine regions can be calculated from:

ox* =-ple

where p is the charge density and e the permittivity.

To simplify the equations below Poisson’s equation is written in the following form, where n is the

number of the region to which it is applied:
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For each of the nine regions ki, is a constant given by:

knp=-pa/e€

The general solution of Poisson’s equation is written in the following form for region number n:

V =K X* + knt X + Ko
The first derivative of the potential is given by:
2kpx+kay=-Eq

with E, the electrical field strength.

In region 1

o’V

aXZ
V =k, x+k,

forx=0 V=0, thereforek,, =0
V=k,x

=0, sincek, =0

In region 2

V=k,,x* +k, x+k,,
Atx =X,
kx, = kzzxf +kyx, HKy, 6))

since the potential should be continuous at the boundary.
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In region 3

V=k;xtky,
Atx=x,:

_ 2
k%, Tk = KppX; +ky %, tky,
In region 4

V=k,x" +k, x+k,
Atx=x,:

_ 2
Ky X5 kg =Kk x5 kg x; tky,

In region S
V=k;x+k,
Atx =X,

2
k51x4 +ky = k42x4 KX, Tk

In region 6
V= k(,zxz2 +kox +kg
At X=X,

_ 2
K X5 + Ky = kg, X5 Hkg X5 +Kgp

In region 7
V=k, x+K,
Atx=x,:

_ 2
k, Xg +ky = Ko X kg% kg

In region 8
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V =KgX, Tkgx +ky,

Atx=x,:
kX, Tk, = kz;ng +Kg X, +Kgp ®)
In region 9
V=Ko x +kg
Atx =X,
Ko Xg T ko = kszxsz + Ky Xq + Ky t))
At X=X,
kg Xy Tkoy =V, &)

At the boundaries between layers of charge and charge-free regions the first derivative of the potential in

adjacent regions should be equal. The following equations arise from this requirement:

Atx=x,:
ki = 2kyx, +ky, (10)
Atx=Xx,:
ky, = 2ky,x, +ky, 1D
Atx =X,
ks =2k ,X;5 T Ky, (12)
Atx=x,:
ks = 2k x5 Tk, (13)
Atx=1x5:
kg, = 2k, X Tk, (14)
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Atx=X:

ko =2k %6 Tk (15)
Atx=x,:
ko, = 2Ky, X5 T Ky, (16)
At X =X, :
ko, = 2ky,xg T kg, a7

The solutions for the ky;- and kyo-values in the above equations as follows:

= 2 2 2 2 2 2 2 2
kyy = -1/%(V, kX, -Kp Xy TRy -koX, KXo -Ko X TkeXs -KeXg -

2k XXy T 2K XX - 2K o X3 Xg 2K X X - 2K X5 Xy + 2K XX - 2Ky X, X + 2Ky XX

— 2 2 2 2 2 2 2 2
Ky, =15 (V, Ko, %, Ko, X, 1K, X3 -k X K o X7 K, X K, X, Ky X7 2K, X, X -

2K %X F2K X X0 -2K e X X F2K X X - 2Ky X, X H2Kigy Xy X )
b oy 2
kyo =KX

— 2 2 2 2 2 2 2 2
Ky, =17 -V, Ko, X, Ko, X, K X3 K X K X Ko X T, X kg X -

2k X3 X 2K X X 2K i XX F2K 6y X X -2Kiy XX T2Kiy XX, )

— 2 2
kso _kzzxx 'kzzxz

= 2 2 2 2 2 2 2 2
k=175, (-V, Ky X K Xy HR X" Ko X, Hhgy X Ky X TRy Xy Ky Xy +2K X X

2K, XX, H2K X X g 2K g, X, X H2K X X )

_ 2 2 2
Ko7k X1 K%, kX
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= 2 2 2 2 2 2 2 2
ks =1%o -V, K X KX, HR o X3 Ko X" o XKy X" kg X, Ky X -
2K, XX g T2K o, X Xg-2Kyg, X, X +2k g, XX, )

- 2 2 2 2
Ko =KX, KX, K o X5 K X

- 2 2 2 2 2 2 2 2
kg =-1/%5(-V, T X" K X, g X5™ K g X K X ™K X 7 Ky X, Ky Xg™ 2Ky X X -

2k, X, X, 2K g, X4 Xg)
i 2 2 2 2 2
K=Ky %, Koy X, HK X, kX" kg X

- 2 2 2 2 2 2 2 2
Ky =-1/%0 GV, TR X Kpp X, g X" KX, g X" Ko X" Hhgp X, KXy -

2Kyy X7 Xy H2Kg X4 X,)

_ 2 2 2 2 2 2
Ko 7Kg, X, KX, HK x5 K px " kg, X K o X

kg =-1/%,(-V, +k22x12 'kzzxz2 +k42X32 'k4zx42 +kszxs2 'k62x62 +kszx72 'kszx32 +2Ky, X4 Xg)
kg =K 5, x12 Ky, X, Ky st Kox,? +k52X52 -k62x62 kX,

kg =-1/x4(-V, +k,, x12 'kzzxz2 +k42X32 'k42X42 +ke Xs2 K¢, x62 +kszx72 kg Xs”)

Kgq =k22xx2 'k:zzxz2 +k42x32 'k42x42 +kg,X s* | x62 +kszx72 'kszxsz

The potential distribution in figure A.1 has been obtained for the following values of kn,:

x, =021to x, =0.60: k,, =-700 (positive charge)

X, =3.00to x, =3.30: k,, =800 (negative charge)
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x5 =3.30to x, =3.60: k,, =-700 (positive charge)

x, =8.00to x, =9.90: k_, =-100 (positive charge)

The calculated potential distribution in the figure shows a strong resemblance to the distribution in figure
4.4 of chapter 4. It seems therefore reasonable that the distribution in figure 4.4 should be explained in

terms of the four layers of charge.

1400

1200

1000 —

800

600

400

Potential along the axis (arbitrary units)

200

O i ] i i
0 2 4 6 8 10

Distance along the axis of the source (arbitrary units)

Figure A.1 Calculated potential distribution of four layers of charge between two parallel
conducting plates, obtained by piece-wise solution of Possoin’s equation.
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