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Abstract

Inertial electrostatic confinement (IEC) uses electrostatic fields to confine energetic ions such
that nuclear fusion occurs. It basically consists of a concentric anode and cathode arrange-
ment, with a mostly transparent cathode being the inner electrode. The attraction of this
device is that it can produce substantial fusion rates in a table-top size chamber. How-
ever, current IEC devices are operated in the gaseous discharge regime. Consequently, there
is considerable energy loss from inelastic collisions of ions with the predominantly neutral
background gas. The most prominent of these collisions is charge exchange. This thesis is
about experimental and theoretical investigations of various aspects of charge exchange in
[EC devices.

The main aims of this work were to determine ion and neutral energy distributions,
confinement times, fusion rates and the way these parameters scale with the size of the
device and the electrostatic fields. A secondary aim was to use this knowledge to produce a
new device that maximizes the neutron generation rate from the fusion reactions of energetic
ions and neutrals with the background gas.

Doppler shift spectroscopy was used as the main diagnostic tool in this work. This
enabled ion and neutral energy distributions to be determined. In the course of this work,
a previously unreported phenomenon was found. Highly energetic and collimated beams of
neutral atoms were found to exit the cathode. A model was proposed to account for this
counter-intuitive phenomenon. It was proposed that the source of neutrals originates as ions
in the cathode centre at the top of a potential hill. These then accelerate outwards and
undergo charge exchange - exiting as neutral atoms from within the cathode. In addition,
it was proposed that the substantial flux of these neutrals accounts for most of the fusion
that occurs in IEC devices. The model involved the development of a new semi-analytical
approach to charge exchange modelling that is similar to Markov chain theory and in contrast
to the usual Monte Carlo approach. Computationally, this semi-analytical approach is much
faster with no numerical noise. Moreover, this model was used to reproduce all the spectral
work in this thesis, and the fusion rates of other IEC devices.

The success of the semi-analytical theory was applied to the design (and subsequent
construction) of an ion cyclotron that operated under gaseous discharge conditions. Ions
created within the cyclotron undergo charge exchange to produce energetic neutrals. Both
an experimental and theoretical study was carried out to maximize the fusion rates from this

device.

i



Acknowledgements

Metaphorically speaking, my life has followed a path resembling the sinusoidal snake track
engraved on desert sands. Many kind, friendly, helpful, loving and encouraging people, whom
[ met along this path, have directly and indirectly helped me to reach this point. I thank
them all, and in particular,

I thank my supervisor Dr. Joe Khachan. Words can not express my deep appreciation.
He had dedicated much time to solve any experimental or theoretical thesis related problem
that arose during the research, revised my writings and took care of bureaucratic issues. He
was not only my supervisor but also my teacher and guide, seeing me through the stages of
my development as a physicist. Moreover, being open-hearted and sensitive as he is, I could
seek his advice on any matter that was not related to physics.

[ also thank my first co-supervisor A/Prof. Brian James for his helpful comments and
my later co-supervisor Dr. Stephen Bosi for his professional advice, mental support and for
expanding my general knowledge on topics such as Italian spelling and grammar. My thanks
also go to the plasma group members, whose professional advice was helpful and encouraging.
Special thanks go to Dr. Alex Samarian and Dr. Ian Falconer for their useful advice and
concern.

Further, I would like to thank Mr. Robert Davies for technical support, for being helpful
and inventive. Part of this work could not have been carried out without the assistance of
Mr. Michael Paterson and Mr. Terry Pfeiffer from the workshop. I thank them for their
patience, professional work and for standing to schedule (they have taught me to use mm
units instead of the more commonly used Angstrom units). Most special thanks to Ms Eve
Teran from the student support office who helped me through any bureaucratic problem and
with such dedication, willingness and kindness.

I would like to express my deep appreciation to the UPA scholarship scheme and many
thanks to former Head of School A /Prof. Brian James and present Head of School A /Prof.
Anne Green for financial support arrangements.

[ take this opportunity to also thank my lecturers, who prepared me for my postgraduate
studies and gave me the opportunity to enrol in the doctoral program at the University of
Sydney: A/Prof. Tim Bedding, A/Prof. Anne Green, A/Prof. Robert Hewitt, Prof. Richard
Hunstead, Dr. Gordon Robertson, Prof. Ross McPhedran, Dr. Kevin Varvell, A/Prof.
Lawrence Peak, Prof. Marcela Bilek, Dr. Serdar Kuyucak. Special thanks to A/Prof. Tim
Bedding from whom I learned a lot and supported me throughout my study period.

[ was also lucky to share a room with my colleagues Michael Fitzgerald, John Kipritidis.
Dr. Daniel Andruczyk, Aping Zeng and Nick Parslow. I thank them for their professional
advice when needed and for their moral support, not to mention, all the fun times we had.
Many thanks to Michael Fitzgerald (“twin brother”), who was both a supporting colleague
and a friend to share our mutual interests in piano playing and martial arts.

There are many people out of the school of physics who helped me through this period

whom I would like to thank: Aristotle Paipetis made my stay in Australia possible. Sharon

111



and Greg Warren adopted me as a close family member, making my stay in Australia much
easier. Without their help and support this work would have not been done in Sydney. My
Ji Do Kwan (martial art) students, who had to endure my fists and kicks on bad days and
some more on good days, were loving and caring all through. My piano teachers Ms Ella
Eizenshtat and Mrs Gillian Selikowitz; the philosophical discussions and lessons were a break
from the daily routine, clearing my mind and giving me motivation to continue forwards.
Igbal Syed and Lorraine Ivancic for balancing my emotional state with good food, wine and
laughter.

Thanks to my family: Mum, Dad, my two sisters, my brother, and Shoham Shefy for
being so supportive and encouraging throughout my entire life.

Last, I would like to thank Carmit Schwartz, my love and twin soul. Some parts of the
"sinusoidal snake track” we have walked together. She was always supportive, understanding,
helpful and caring. Although she is enrolled in a doctoral program herself, she was constantly
there for me. It is for her that I managed to maintain a balancing perspective throughout
the doctoral period and especially at the last stages.

I dedicate this thesis to whoever finds it useful.

v



Author’s Publications

Publications

O. Shrier, J. Khachan, S. Bosi, M. Fitzgerald and N. Evans., “Diverging ion motion in an
inertial electrostatic confinement discharge”, Phys. of Plasmas, 13, 012703 (2006).

O. Shrier, J. Khachan and S. Bosi, “A Markov chain approach to modelling charge

exchange processes of an ion beam in monotonically increasing or decreasing potentials”, J.
Phys. A: Math. Gen., 39, 11119-11128 (2006).

Conference

J. Khachan and O. Shrier, “Diverging ion motion in an IEC discharge”, 8th U.S.-Japan
Workshop on IEC Fusion, Kansai University, Osaka, Japan, May 10-12, 2006.



Contents

List of Figures xXvii
List of Tables xviii
1 Introduction 1
1.1 IEC initial conceptsand itsdevelopment . . . . . . . . .. ¢« oo v oo oo 1
1.1.1 From the invention of television to a portable fusion device . . . . .. 1

112 Thegnideathode IEC device . . . v v v v v v v v mwommmon s s 2 4

1.2 ComentstateofIBEC resedreh . . . . v . Vv v u v v e s o s n s o s 823 33 5)

13 Aimsofthisthenls . ... o v s iv v s 5% S et m et e e Al e e B s 8

14 Onedallview of thehieBis . . « s o o v o ¢ 25 5 v b e a e S s & a @b e 10

2 Apparatus and Diagnostic Method 15
2.1 Experimental SpPOYSIE « « o o o v s 5 5 6 5 v v v v b v b e e o & R e 15
2L SR alt e pRvel o e e S PR S ) L s ek AR R R A R A R 15

209 The@hEaratEs o ' o 5 « @ o5 5 T 0 @ v B or e A A e 16

243 RBIEMAtCRINEUNIE . « o o o o o 06 6 6 5 6 6 6 b oew e w e % a0 e wox s 18

22 Pepplershift:diagnosties ) . . . . .. v v dn s s s e wm SN T NS W G 20
2.3 Analvais of Doppler PectRa 5 . & < e v v e s e vk w e e e & A 6 i s 22
2.4 Further discussion and related issues . . . . . . . . . ¢« . ¢ ¢t e v 0 o0 25
25 Bl A L L R s U G S R R RO L 28

3 Charge Exchange Modelling 30
3.1 Motivation Bnd DrevioUuS WOTK . « + o « o o o s & o v % v 5 4 5 o 58 %9 5 5@ 8 30
3.2 Thecharge oxchange PIOCEES ; : : + s o c s s 5 & 5 5 & & & & v %6 6 % % @ & 5 s 31
3.3 Semi-analytical method for linear potential . . .. ... ... ......... 31
3.4 Markov chains method for a linear potential . . . . . . . .. .. ... ... .. 36
3.5 Semi-analytical method for apotential well . . . . . . . .. .. .. ... ... 38
3.5.1 Chargeexchangeinawell . . . ... ...........¢.000000.% 38

3.5.2 Matrix representation for ion charge exchange . . . . . . . . ... ... 39

353 DHEIBNOR INBEIICEHE . o 4 & v 0w 5 e & 5 ov e e e v e s sl e e oe o e o 41

3.5.4 Spatial ion sourcedistributions . . . ... ... ... ... 00 . 42

3.5.5 Cumulative and statistical properties . . . . . . . . . . ... 44

Vi



3.6 Model based programs . . . . . . . ¢ ¢« 4 v 4 bt e e e s e e e e e e e e e e 44
.60 PIOErEIE e e . s s A e s & s 3 A % a & KN E s e R e 44
3.6.2 The semi-analytical method in comparison to Monte Carlo simulations 46
ST BuEnTHary . S relhlh ¢ b e v b s AR S U TS EEEEE @ EE 48
Spectrum Analysis and Model Applications 50
4.1 MOBVBEIOR . « « v s v o a0 os vim 3 Bire o w e we a e ¥ m s s e & e E 50
4.2 The “blneahiift” DDENODIENON. . - i ¢ v w3 w5 5 5 % 3 5 5 5 5 & 5 & & &% b % s ol
4.2.1 Neutral atom divergence from the cathode . . . . . . . . .. ... ... 51
4.2.2 Hypothesis: ions originating in the cathode centre . . . . .. ... .. 53
4.3 The blue-shifted distribution in the spectrum . . . . .. .. ... ... .. .. HH
4.3.1 Ton and neutral energy distributions in the potential well . . . . . .. D0
4.3.2 ' Spectrum reconstrHCHION . & v s S0 e wls 3 3 5 5 8 58 s B8 K88 e H8
4.4 The red-shifted distribution in the spectrum . . . . . . .. .. ... .. .. .. 62
4.4.1 Linear potential approximation and ion energy distributions . . . . . . 62
442 Spectrumreconstruction . . . . . . . . ... ..o . 64
4.5 Energy distributions and the “blue shift” phenomenon . . . . . . . ... ... 68
4.6 Other applications: high pressure discharge systems . . ... ... ... ... 68
4.7 Other applications: IEC confinement time estimations . . . . . .. ... ... 71
$8 Sontmary and diseuamaIET ., o e e e e B B W M E s B e s s e E e e 74
Spectroscopic Studies of the Beam 77
ST MR )RR T L s e S N W S P 77
5.2 Spectrum measurements in the cathoderegion . .. .. ... ......... 78
5.2.1 0° measurements in the cathoderegion. . . . . . ... .. ... .. .. 78
B2 2NN IE BrOCeaNDe . & voo e el e B e s s e s o A e e s B s s 79
5.2.3 Scaling: energy dependence on size and pressure . . .. .. ... ... 81
5.3 Spectrum measurements in the cathode-to-anode region . . . . . ... .. .. 87
5.3.1 30° cathode-to-anode measurements . . . . . < « ¢ ¢ v ¢« o« v v o v oo 87
5.3.2 Spectrum profile, Gaussian fit and the alternative approximation method 88
BE3S Boshitsond dischision . - - v s s 95 55 6% 25 % 58 98 5o 5w 5 s s 92
5.4 Spectrum measurements in the anode-to-wall region . . . . . ... ... ... 95
H:4.1 30° anode-to-wall measurements . . . . . . . . ¢t e s 95
S P e L Tl T T e 95
b5 THerraMRBeOnEROREIt 50 @ 5 o 180 uiEiie s @ w6 oo e w e e e b s e b e 97
5.5.1 90° cathode-to-anode measurements . . . . . . . . ¢ ¢ s o v o v s s b 97
5.5.2 Spectrmmprofileand résults . - < ¢ v v v v s e ws v s w8 s e e 97
BES "FBEIERCNRIPINO0EE . « - « < o b e e wom ok e e e om W N h wew w A m s v 102
5.5.4 Results of the model and discussion . . . . . ... ..o 000000 105
5.6 Summanry aad oolelusions . . - o s v o s e s w e e w e e o wE s S oE e e 108

Vil



6 IEC Fusion Rate Estimates 112

6.1 Backpround and molivatlon . . « « « v v v« s v s e e v n o m e s e 112
6.2 Modelling and numericalresults . . . . . . .. ... ..o 113
63 Resulis and dECEsSIOn . 5 ¢ o s 5 = 5 5 & 05 5 %06 5 6 8 a0 K0 e B e s B A 115
6.3.1 Neutron production rate dependence on voltage . . . . . . . ... ... 115
6.3.2 The dependence of neutron production rates on pressure and ion density 116
6.3.3 Neutron production rate dependence on cathodesize . . . . . . .. .. 119
B4 ConCRISIONS .« . « « = « « 4 o o o o o 6 5 o s v 8 s 0 0w oo o oo 5 o0 o 120
7 ICR Device: Physical Principles and Modelling 123
T:1 o R RN s s A e W e o b, The) e e e e e ] e e e e n e 123
7.2 Physical principles:ofoperation . « o « « o+ v v v s o s eiwim W w e e W e . 124
7.3 Modelling the energy distribution of neutral atoms . . . . . . ... ... ... 127
7.3.1 'The two dimensional charge exchange problem for spiral motion . . . 127
7.3.2 Modelling with a grid approximation method . . . . ... ... . ... 128
a0 TEORERINES - . o 5 e & 5 o5 bR & B R S 8 e e e e 55 e e U B Bl 132
I NI o o o = % R R A S A A h v 5 o B e e e g ke e e e e s e @ e 134
8 ICR Device: Energy Distribution and Fusion Rate Estimates 136
8.1 Prototypeandexperimental set-up . . . . . . « ¢« ¢+ e e e 0 e 0 0000 n e 137
B30 The vacuuni ochamber. 1.l . o ¢ 8 e 18 0l o ese s a sl e 9 e a0 137
80200 The SHPARISERS N & oo ok Sl dl Al o & Rl S0 S Anaranlag LS 138
8.2 Spettruln MSABUXeIenta. 1\ ¢ 10 o % 100 b s e et S B et e e e e 140
8.2.1 |Energy distribution and resonance . : . . . s . s s e e e e 6 E 140
8.2.2 Energy distribution along the active volume and pressure dependence 141
8.3 Simulations of the model for the energy distributions . . . . . . . . ... ... 144
8.3.1 Energy distribution dependence on position along the surface and the
estimated spectrum line shape b v . o o e ca el inee ele] ¥l 145
8.3.2 Energy distribution dependence on pressure and voltage . . . . . . . . 146
8.4 Fusion rate estimates: a one dimensional linear potential approximation . . . 149
SAL DPIORSRERE. « v v = 0 sics s alet i =P R o S L LN e e 150
8.4.2 Fusion rate estimatesand discussion . . . . . . . . ¢ ¢ . ... .. 151
8.5 Fusion rate estimates: a two dimensional grid approximation . . ... .. .. 154
7D L e o SR L e A S 1 154
8.5.2 Fusion rate estimates and discussion . . . « . ¢ ¢ ¢ ¢ ¢ 50 v oaw e 0 e 156
B.6 SiunmaryrRaid chBehisions: « o a e w mow v e 5 5w 8 @ e e 8 e B kol e el 157
9 Conclusions and Suggestions for Further Work 162

Vil



List of Figures

1.1

1.2

2.1
2.2
2.3

24

2.5

2.6

2.8

The standard IEC system of cathode and anode grids . The ideal potential
well is responsible for the confinement. . . . . . . . .. .. 0000000
A schematic of the measured potential well. The well extends from the anode

to the cathode centre and the minimum of the potential is found at the cathode

Fho experimentty IR a88emBIY. & o o v o v v w0 s v B B b b s b6 b s
The assembly within the vaccam chamber. . . . . . . . . ... ... ... ...
A schematic of the two intense collimated beams (channels) spanning the dis-
tance between the cathode and anodes. The beams go through the anodes
mesh reaching the wall of the chamber. . . . . . . . . . . .. .. .. ... ...
The RF matching circuit used in the apparatus of Fig. 2.1. . . . ... .. ..
The energy of the excited atom as a function of the Doppler shift wavelength
for # = 0° and @ = 30°. The unshifted \g emission line is 6563 A. . . . . . . .
A spectrum of the resolved wing structure. The one dimensional IEC device
was operated at pressure of 5 mTorr and cathode voltage of —4 kV (taken from
J. Khachan and S. Collis, Phys. Plasmas, 8, 1299, 2001). ... ... ... ..
For each spectrum the three energies corresponding to the three Gaussian
peaks are plotted. The energy corresponding to the first peak (closest to the
unshifted peak) was multiplied by three ([J) and the energy corresponding to
the second peak was multiplied by two (()). The energies are plotted against
the varied voltage (taken from J. Khachan and S. Collis, Phys. of Plasmas,
S b R s (3 0] ) 1 o ) T e R
The figure presents a three Gaussian fit (red line) to an experimental spectrum
(black line) taken with the experimental set-up described in chapter 2. The
Gaussian (green line) closer to the unshifted peak represents ions of all three
species and of relatively low energy. The second Gaussian represents the Hy
and H; species, where their distributions overlap. It is not possible to resolve
the two peaks representing the two species. The third peak represents the well

resolved HY fonic specie. . . . . . . . o v i i i i e e e e e e e e e e

1X

27



3.1 An illustration of ions going down the potential well in both directions. The

potential height is divided into equal intervals whereas, the segments along the

ions path are unequal. The figure also shows blue-shifted ions moving towards

the monochromator and red-shifted ions moving away from the monochromator. 38
3.2 The charge exchange cross sections as a function of energy for the three ionic

species HT, HY and Hj. The data was taken from two independent sources

[11,12], where one source of data is for energies in the range of 101 — 10 keV

and the other is for energies larger than 10 keV.. . . . . . . . ... ... ... 45
3.3 Monte Carlo simulations for an Hj + Hs charge exchange interaction and for

a linear potential. The average energy is given as a function of distance from

an anode. The voltage across the 10 cm beam was set to 10 kV while varying

the pressures between 1 mTorr and 30 mTorr. . . . . . . . . .. .. ... ... 47
3.4 Average ion energy versus distance from the anode using the semi-analytical

approach for the same conditions asin Fig. 3.3. . . . . . .. .. ... ..... 47

3.5 Average ion energy versus distance from the anode at a pressure of 20 mTorr
for 1, 2, 3, 4 and 5 kV across 10 cm of beam length. . . . . ... ... .... 48

4.1 Measurements taken along the channel, at 30° relative to the monochromator,

in intervals of 2 cm, starting from 1 cm from the cathode’s edge. The spectra

are displaced vertically with respect to each other, showing the dominance of

the blue-shifted wing. . . . . . . . . . . . . . L L . 51
4.2 'Two spectra taken 8 cm away from the centre of cathode showing the domi-

nance of the blue-shifted wing. The upper and lower spectra were obtained at

0° and 30° angles, respectively, relative to the beam. . . . . . . .. ... ... H2
4.3 Two spectra taken 8 ¢cm away from the centre of cathode showing the domi-

nance of the blue-shifted wing. The upper and lower spectra were obtained at

0° and 30° angles, respectively, relative to the beam. . . . . . ... ... ... 53
4.4 Measurements of the potential from Khachan et al. [12] (marked with “+7).

The x axis represents distances measured from the cathode centre. The cath-

ode was 2 cm long (the cathode edge is marked with a vertical line), the applied

cathode voltage was —2 kV and pressure was 5 mTorr. The analytical function

-
—

that was fitted to the data is represented by the continuous line. . . . . . ..
4.5 A local ion source used in the simulation resulting in energy distributions for
the HT, Hj and H-J;+ species and for pressures of 1, 5, 10, 20 and 30 mTorr.
The total width of the potential well (having the shape of the well in Fig. 4.4)
was set to 16 em. The potential depth was set to —2.5 kV and the minimum
in the potential was positioned at 2.5 cm of the width of the potential. Note
that the distributions are for the blue-shifted motionsonly. . . . . . . . . .. 56
4.6 Ton energy distributions for HY, Hj and H;{ for the same pressure ranges
as those in Fig. 4.5 but using a uniform ion source distribution within the

potential well region (having the shape of the well presented in Fig. 4.4). . . 57



4.7
4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

A simulation of the spectrum shown in Fig. 26. . ... .. ... .......
An illustration of the blue and red shifted motions in the two wells. The blue-
shifted distribution in the experimental spectrum results from the blue-shifted
motion of the ions in both wells A and B. Furthermore, the blue-shifted neutral
atom distribution resulting from well B is the same as the red-shifted neutral
atom distribution resulting from well A. . . . . . . .. . ..o 0oL
The upper plot presents the simulated spectrum for the experimental condi-
tions used to obtain the experimental spectrum shown in the lower plot. The
plot illustrates the superposition of the blue-shifted and red-shifted distribu-
tiongiin thepotential well. . . . - « - o & 5 v o & B e i im 5 e e e R 3
Energy distributions resulting from the simulations for a point ion density
distribution placed at the beginning of the first increment for a linear potential.
5 energy distributions are shown for each of the HT, H.;_'.‘ and H; species and
for pressures of 1, 5, 10, 20 and 30 mTorr. The total ion path was set to 16
cm, where —10 kV were applied on the total path. . . . . . . ... ... ...
Energy distributions for the same ionic species and for the same conditions as
in Fig. 4.10 (for a linear potential), but for a uniform ion density distribution
along the'lonm path-length. . .'c . ¢ ¢ ¢ & & o & & x5 5 5 55 o o e e e m e ) s
Measured spectra along the beam at 30° relative to the beam out of the cathode
region. Cathode voltage was set to —6 kV, pressure to 20 mTorr and anode-
to-cathode distance to 16 cm. The distances stated in the figure are measured
from the cathode edge. . . . . . . . . . . . . . e .
Intensity measurements of the unshifted main peak for Balmer a (bottom line)
and A (top line) emissions as a function of distance, starting from the cathode
edge to approximately half the anode-to-cathode distance. The observation
angie wWas 90" 10 Che'beam ' afkis., « . -« o o & v » » % sl & 6 5 6 o e med @ e E A
The 6 simulated spectra of the red shifted wings shown in Fig. 4.12. . . . ..
Doppler shift measurements obtained at an observation angle of 0° relative to
the beam. A plane cathode discharge device was used, operating at pressures
of 0.14 — 1 Torr (taken from C. Barbeau and J. Jolly [19]). . .. .. .. ...
Reconstructed schematic illustrating the apparatus in the vacuum chamber
and the angle of observation. The observation was carried out along the op-
tical axis, where the optical emission is integrated along the discharge axis
(reconstructed from C. Barbeau and J. Jolly [19]). . . .. ... ... .. ...
Modelled energy distributions for the H and HJ species at pressures of (.14
and 1 Torr respectively. The parameters used in the model are the same as
the operational conditions of Barbeau and Jolly [19]. . . . . . ... ... ...
The reconstructed spectra resulting from the energy distributions of the three

species for pressuresof 0.14 and 1 Torr. . . . . . .« ¢ v o v v v v b w e e e

X1

64

70



4.19 The left plot shows the number of oscillations the ions have gone through for
pressures between 1 and 10 mTorr. The right plot shows the estimated total
confinement time as a function of the same range of pressures. This is for the
experimental set-up of Khachan et al. [12]and for the three ionic species, as
el e Rt sra e Lo, SR AL W0 R et AL Bl

4.20 The left plot shows the number of oscillations the ions have gone through for
pressures between 1 and 10 mTorr. The right plot shows the estimated total
confinement time as a function of the same range of pressures. This is for the
experimental set-up of Thorson et al. [13| and for the three ionic species, as
mnariond 1 tHe BERTes < o i v vn wle s s s Gl B o G Ne e W v

5.1 Three Gaussians fit (red line) were carried out for each of the blue-shifted
(negative wavelength shifts) and red-shifted (positive wavelength shifts) wings.
The three Gaussians and the experimental spectrum are presented with the

grean and Biack hnes, PESPOCEIVELY: -« s + s+ v v a6 5 o o0 5 50 w0 & kLR B0 a0 Es s

L
Bo

A linear fit for Doppler shift versus square root of the applied voltage. The
spectra were taken for a pressure of 25 mTorr and a cathode voltage range of
—1 to —6 kV. The lower line represents the linear fit for the H.‘J{«}-H;“ 10N species
(these are represented with the second Gaussian peak in Fig. 5.1). The upper
line represents the linear fit for the H* (represented with the outer Gaussian
peak in Fig. 5.1). The original experimental set of data and the maximum
error of the fit at each data point are shown in the figure. . . . . . . . . ...
5.3 The dependence of the Doppler shift on the square root of the applied voltage
of atomic hydrogen arising from charge exchange by H" with the background
gas at pressures of 15, 20, 25 and 30 m'Torr, where each plot represents mea-
surements taken for cathode to anode distances of 12, 16 and 20 c¢m. The
data points are over plotted, where the measurements for 12, 16 and 20 cm

are denoted with stars, triangles and circles, respectively. . . . . .. . .. ..

5.4 The dependence of the Doppler shift on the square root of applied voltage for
excited atomic hydrogen resulting from the charge exchange of H; and Hy
with the background gas at pressures of 15, 20, 25 and 30 mTorr, where each
plot represents measurements taken for 3 cathode to anode distances of 12, 16
BELEGIIG. o« o o v o5 o v o owx e e e e e e e e e e e e e e e e e e e s

5.5 A linear fit was carried out for Doppler shifts versus square root of the ap-

plied voltage for 3 cathode-to-anode distances. Consequently, there are 8 lines
representing the 4 pressures and the H;_' /30 H* species in the bottom and top
PEORDEN DESENERIREING . . o oo i e e G B el el el Y el s = e v
5.6 For each of the 2 species a linear fit was carried out for the data at the 4
different pressures that were presented in Fig. 5.5. The top and bottom lines

represent the H™ and H;’ /3 Species, PEBPOCEIVELY: oo . v s % a4 s 4 @ A F

X11



5.7

2.8

2.9

5.10

5.11

0.12

5.14

A plot of energy versus voltage showing that the upper line, representing the
H* specie, is a factor of 2.5 larger than the line representing the H}" /3 species. 85
Plot A presents the results for the symmetric system , where both anodes were
placed once at 20 em from the cathode centre (marked “20”) and again at 12
cm from the cathode centre (marked “12"). Plot B presents the results of the
20/12 asymmetric experiments (fifth row in table 5.2). The measurements for
the symmetric and asymmetric systems were carried out for the same operating
conditions, mentioned in table 5.2. The three sets of lines represent the analysis
of the three Gaussian fit for each voltage measurement, where the lower, mid
and upper sets of lines are the results of the first, second and third peak analysis
TERDECEIVEITERIE. | o b g Rl Bl BRI o B B s b e e e e 86
Spectrum taken at 30° relative to the beam showing a squashed profile of the
spectrum (black line) obtained at 0° relative to the beam and for the same
experimental conditions. The spectrum also shows a three Gaussian fit to the
blue-shifted wing (red line, where the three Gaussians are presented with the
IRCR RSN e v sl a i s fe e R STt Bk e e e e 88
Spectra obtained for a pressure of 25 mTorr, for an applied cathode voltage of
—6 kV and for observing positions along the beam measured from the cathode
edge (marked in the figure). The spectra were normalized with respect to the
experimental results presented in Fig. 4.13. . . . . . ... ... .. ...... 89
The same spectra presented in Fig. 5.10, normalized with respect to the un-
shifted peak. The spectra are lifted upwards in relation to one another. . .. 90
Spectra obtained for a pressure of 5 m'Torr, for an applied cathode voltage of
—6 kV and positions along the beam measured from the cathode edge (marked
in the figure). The spectra were normalized with respect to the experimental
o e ) 1A D T [ e N A S I T Gy GRS 91
The same spectra presented in Fig. 5.12, normalized with respect to the un-
shifted peak. The spectra are lifted upwards in relation to one another. . .. 91
Results for 28 spectra, taken at 25 m'Torr, for cathode voltages of —3. —4, —5
and —6 kV and for observation points along the beam. The wavelength shifts
estimated for the H.

2/3
the cathode edge. The 4 continuous lines represent the mean of the results for

Gaussian peak are plotted against the distance from

COCIWORPRPRE MY . o oc o0 5 0w 5 x5 0s da e e e a e e e e w2 G 92
The spectra that were analyzed in Fig. 5.14 for —6 kV, normalized with respect
to the unshifted peak. The spectra are lifted upwards in relation to one another. 93
In plot A the 3 short lines present results of the linear fit for 15, 20 and 25
mTorr. The 2 average data points for the 10 mTorr are plotted without a
linear fit (marked as “*7). In plot B the results are divided by a factor of
cos(307) and plotted over Fig. 5.6, where the two longer lines are the relations

found for the H

2/3 and H' species analysis for the 0° measurements. . . . . . 94

X1l



0.17

5.18

2.19

.20

0.21

0.22

5.26

2.27

6.1

6.2

6.3

Three spectra for distances of 2, 4 and 6 cm from the anode, for pressure of
20 mTorr and an applied cathode voltage of —4 kV (the dashed lines show the
beginning of the nearly linear decline of the spectral line). . . . . . . ... ..
Three spectra taken 6 cm from the anode (near the wall), for an applied
cathode voltages of —4 kV and for pressures of 20, 25 and 30 mTorr. . . . . .
Spectra obtained at angles of 0°, 30° and 90° relative to the beam, for a
pressure of 20 mTorr and an applied cathode voltage of —6 kV. The 30° and
90° measurements were taken 1 cm outside the cathode. . . . . . . ... ...
Spectra taken at an observation angle of 90° relative to the beam, 1 cm outside
the cathode, for an applied cathode voltage of —5 kV and for pressures of 15,
20and 2D MIOIT. . . « « o o v v vio e v s o s s e s e e e s m o e e e e
Spectra obtained for 10, 12, 16 and 20 cm anode-to-cathode distances. The
measurements were taken for a pressure of 20 mTorr and for an applied cathode
voltage of —6 kV. . . . . . . . L e e e e e e e e e e e e
Spectra obtained for distances of 1, 3, 5, 7, 9, 11 and 13 cm along the beam,
where the distances are measured from the cathode edge. The spectra were
taken at an observation angle of 90° relative to the beam, for a pressure of 20
mTorr and for an applied cathode voltage of —5 kV. Moreover, the spectra were
normalized with respect to the unshifted peak and lifted upwards in relation
to one another. . . . . . . . . L L L e e e e e e e e e e e e e
The same spectra presented in Fig. 5.22, where normalized by the base broad-
R e T e e aallac ic aml wm & hhe © ma P 3 RE B ok i OEatlR: ok 3
A cone of velocity trajectories, where each trajectory on the cone’s surface
is a velocity from the 0° distribution. The v} velocities components at 90°
to the beam are proportional to sin(vy) and are marked as v;. These have a
component in the monochromator direction, which is proportional to sin(#). .
Comparison of the experimental spectrum that was obtained at an observation
angle of 90° relative to the modelled spectrum. . . . ... ... ... .....
Results from the model for input voltages of —3, —4, —5 and —6 kV. The 4
reconstructed spectra overlap. . . . . . . .. L L L . e e e e
The experimental spectra taken for cathode voltages of —3, —4, —5 and —6
kV, showing that broadening is independent of the cathode voltage. . . . . .

A schematic showing the three main parts of each program, which are based
on the method and programs presented in chapter 3. . . . . . . . . ... ...
Modelled neutron production rate as a function ot potential depth for the three
jonic gpeaestile v, 7 ). o o e M d s = 5 5 5 s A s hd e &S G s R
Modelled neutron production rate as a function of the ion density and for
pressures of 4.5, 14 and 52 mTorr. Note that the ion density is expressed as

10~ of the background density. . . . . . . . . . . . e

X1v

98

99

100

101

102

104

106

107

108

114



6.4

6.6

7.1

1.2

7.3

8.1

8.3

Modelled estimates for the neutron production rate as a function of pressure.
The conditions were set to be the same as for Fig. 6.3, where the ion density
was set to 10~ of the background gas density. . . . ... ... ........
A reproduction of Thorson et. al. plot [5] of the neutron production rate as a
function of voltage for the three cathode radii of 0.025, 0.05 and 0.1 m (marked
30 ke BERRE e st lian 20 ta ot G Rl il o o I RIn 5 a0 W e s
Modelled results for the neutron production rates as a function of voltage and
for three cathode sizes. This follows Thorson’s experimental conditions and
cathode tadiiof B.025: 000 a0d Q. M < o & v v v v v v v v o mos 55 on s

The figure illustrates a newly created source of ions branching off from the big
Skl 86ia Dew SHIAHCE BRAIAL. . 5 i s sos o b 8 m e e e e s W R e e e A S 5 e b s
An illustration of the grid points (dots) representing the surface of the active
cyclotron volume and the spiral motion of the ions from the centre (stars). The
number of grid points on the surface and number of segments on the spiral are
the two free parameters in the simulations (note that a segment on the spiral
extends betweon tWO BEBTI). . . « 5 » w5 v bk s e o w mmm e e e et
The flow-chart of the program that calculates energy distributions and fusion
rates in the active volume of the ICR device. The program was computed in
Y e e I L L e T L T

A cross section of the ICR device, which cuts through a cylindrical vacuum
chamber contalimg the as8emblY. . 0. L . . s s a'sa v ot o « 5 s 5 8 & » & 5 3
Schematic of the experimental apparatus that was used to obtain spectroscopic
measurements. Note that the active volume shown in Fig. 8.1 is exposed to
the monochromator through the window, where a line integration of emission
weolledipd s Seen I B, Bl " . .\, v i e hme s e e s ¥ s e s
Spectra obtained at 20 mTorr, for a power input of 50 W and for 4.5, 4.57, 4.6
and 5 MHz. In plot A the spectra are normalized with respect to their base
broadening and in plot B they are normalized with respect to the unshifted
peak and are lifted upwards in relation to one another. . . . . . . . ... ...
A schematic of the observed plane of spiraling ions. The rectangular region
shown is focussed onto the slit of the monochromator. This region moves as
the lensscansalong the plane AXES. & « ¢ v s w5 v 56 o 5 5 5 & 5 5 2 6 5 5 5 »
Spectra obtained for distances of 0, 1, 2, 3 and 4 ¢m, measured from the centre
of the active volume. The pressure was 20 m'Torr, where the power input was
40 W at 4.57 MHz. In plot A the spectra are normalized with respect to
their base broadening and in plot B they are normalized with respect to the

unshifted peak and are lifted upwards in relation to one another. . . . . . . .

XV

142



8.6

8.7

8.8

8.9

8.10

8.1

8.1

1

2

8.13

8.1

8.1

4

)

Spectra obtained for pressures of 10, 20 and 47 mTorr. The input power was
40 W at 4.57 MHz. In plot A the spectra are normalized with respect to
their base broadening and in plot B they are normalized with respect to the
unshifted peak and are lifted upwards in relation to one another. . . . . . . .
Results for the simulations for distances of 0, 1, 2.5 and 3.5 cm, from the centre
of the active volume (the distances are marked in the figure). The input peak
voltage was set to 100 V (for a 2 cm separation of the electrodes) at a pressure
of 20 IR Ot ST S N N TR P R e s e e e e W
A spectrum reconstruction using the results of the upper left plot of Fig. 8.7,
where the Doppler shifts were placed in bins with a width that was twice the
resolution of the monochromator (0.8 A). A Lorentzian with a half-width of
0.5 A was superimposed, representing the unshifted peak. . . . ... ... ..
Results from the simulations for pressures of 1, 10, 20 and 45 mTorr. The
input peak voltage was set to a 100 V and the calculations were done for the
column of grid points at the centre of the device. . . . . . . . . ... ... ..
The left plot is a reconstruction of the spectrum in the right plot that was
presented in Fig. 8.6. For the reconstruction the Doppler shifts of the 45
m'Torr distribution in Fig. 8.9 were placed in bins with a width that was twice
the resolution of the monochromator (0.8 A). A Lorentzian with a half-width
of 0.5 A was superimposed, representing the unshifted peak. . . . . . ... ..
The left plot is a reconstruction of the spectrum in the right plot that was
presented in Fig. 8.6. For the reconstruction the Doppler shifts of the 10
mTorr distribution in Fig. 8.9 were placed in bins with a width that was twice
the resolution of the monochromator (0.8 A). A Lorentzian with a half-width
of 0.5 A was superimposed, representing the unshifted peak. . . . . . . . . ..
Predictions from the simulations of the variation in the energy distribution for
voltage amplitudes of 0.1, 0.5, 1 and 5 kV (marked in the figure). The pressure
WHIZBETORY: o o v & w0 v 5 6 5 W b N Sb K, W T e e e
Simulation results for an input peak voltage of 500 V and for a pressures of 20
mTorr. The densities in the Doppler shift range of 10 — 28 A (equivalent to
1 — 18 keV) were summed and are stated in the figure (the base of the arrows
bound the 10 — 28 A range, where the arrows point to the total density in this
T PP s 1 o oo 2 7 0 v = ol
Simulated fusion rate versus pressure. The ion density was set to 10% of the
background gas density, the maximum ion energy was 50 keV and electric hield
was 10 kV/m. This corresponds to a maximum ion path-length of 5 m.

Simulation results of the dependence of optimal pressure on maximum ion
energies and accelerating fields. The horizontal axis represents the maximum
energy the ions gain, and the vertical axis shows the pressure for the maximum
fusion rate. Accelerating electric fields of 10 kV/m, 50 kV/m and 100 kV /m

WEIS BB - 2 4 & 5 3 5 5 % 2 5 € 5 3 o B e e e e a2 h S b o &

XVi

144

148

148

150

153



8.16

8.17

8.18

8.19

8.20

Simulated fusion rates at the optimal pressures that were presented in Fig.
8.15 and for the same three accelerating fields (marked in the figure). . . . . .
The dependence of fusion rate on the electric field for a maximum ion energy
of 50 keV. The left plot shows the estimated fusion rate dependence on low
accelerating electric fields (less than 10 kV/m) and the right plot shows the
estimated fusion rates dependence on high accelerating electric fields (greater
than 10 kV/m). Each data point represents the maximum fusion rate, where
the optimal pressure is noted next to the data point. . . . . . ... ... ...
Simulated typical fusion rate versus pressure curve. The calculations were for
a relatively small accelerating field of 5 kV/m (equivalent to a cathode voltage
of ~ =500V inan IBEC devicR). » v v v v v« o o el L s ke e s
Simulated maximum fusion rate as a function of accelerating electric fields
for less than 10 kv/m (left plot) and greater than 10 kV/m (right plot). The
pressure ranges are indicated in the figure (the optimal pressure range is stated
atthetorrof ench Blab). .« 1. - v v isis v 65 oo @@ S 5 @ o w0 e i ana e,
The radius of the device as a function of the magnetic field for a maximum

Dt ionenergy of 50 keV. . . . . . . .. e

X Vil



List of Tables

1.1
1.2

D.1
.2
2.3
0.4
2.9

Fusion Reactions . . . . . . . . . « v v v v v v .

Energies corresponding to maximum fusion cross sections

Cathode 0 degrees measurements: details of the symmetric measurements. .
Cathode 0 degrees measurements: details of the asymmetric measurements.

30 degrees measurements along the beam, between the cathode and anode.

30 degrees measurements between the anode and wall. .

90 degrees measurements along the beam.

XViil

-

-

8
78
87
95
98



List of Tables

1.1 Fusion Reactions . . . . . . . . . . . . e e e 1
1.2 Energies corresponding to maximum fusion cross sections . . . .. ... ... 2
5.1 Cathode 0 degrees measurements: details of the symmetric measurements. . . 78
5.2 Cathode 0 degrees measurements: details of the asymmetric measurements. . 78
5.3 30 degrees measurements along the beam, between the cathode and anode. . 87
5.4 30 degrees measurements between the anode and wall. . . . . . ... . .. .. 95
5.5 90 degrees measurements along the beam. . . .. . ... ... 0 L0 98

xviii




Chapter 1

Introduction

1.1 IEC initial concepts and its development

1.1.1 From the invention of television to a portable fusion device

Fusion is the process where two nuclei are brought together while overcoming Coulomb re-
pulsion to be bound to one another by the strong nuclear force. Fusion between nuclei that
have less mass than iron will result in the release of energy in the form of energetic protons,
neutrons, alpha, and other energetic particles.

Table 1.1 presents the main fusion reactions occurring in fusion reactors and various other
fusion devices. The particle energy (in brackets) or the total energy released (no brackets) is
stated in MeV units and was calculated for zero energy reactants {1]. It is energetically too
costly to produce nuclear fusion for energy generation by overcoming the Coulomb barrier,
which is generally greater than 1MeV. For this reason, one relies on quantum tunnelling
through the Coulomb barrier. In fact, in some cases the probability of fusion occurring
reaches a peak at much lower energies than the maximum Coulomb barrier (~ 100 keV for
D-T interactions). Table 1.2 presents the required activation energy corresponding to the

maximum fusion cross section for each of the reactions stated in table 1.1.

D+DXAT(1.011) +p(3.002)

D+D*%% 3He (0.820) +n(2.449)
p+T— 3He+n-0.764

D+T— *He(3.560) +n(14.029)
T+T— He+2n+11.332
D+3He— *He(3.713) +p(14.640)
T+3He 22 4Hetn+p+12.096
T+3He 28 1He (4.800) +D(9.520)
3He+%He — ‘He+2p+12.860

Table 1.1: Fusion Reactions
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Reaction | Max cross section (barns) | Required energy (MeV)
D+D ~2x1071 ~ 3.3

p+T ~6x 1071 ~ 3

D+T ~ B ~ (.11

T+T ~ 1.7 x 1071 ~ 2

D+*He | ~7x1071 ~ 0.43

T+*He | ~5x107! ~ B

SHe+3He | ~ 2 x 107! > 10

Table 1.2: Energies corresponding to maximum fusion cross sections

It has been shown theoretically and experimentally that the probability of a fusion event
not only depends on the energies of the nuclei but also on their interaction time. Fusion for
practical energy production requires the generation of a fully ionized plasma (10?° m~3) so
that one need only be concerned with the elastic collisions of Coulomb interactions, which
has a much higher cross-section than fusion. Consequently, the fusion rates are determined
by the plasma temperature and confinement time. The central theme of this thesis is the
study of fusion reactions for the production of energetic neutrons in a weakly ionized plasma,
where inelastic atomic collisions must be accounted for.

nertial electrostatic confinement (IEC) is a fusion method thought to provide the energy
and confinement time using a deep electrostatic potential well and therefore, a promising
energy source. Since its inception more than 50 years ago, IEC has not received the same level
of research effort as magnetic confinement and consequently there was not much progress in
its energy gain. However, it has developed to be a potentially useful portable neutron source
having many applications in various fields (see section 1.2}). During the many years of research
the device has taken on many different designs while trying to improve its energy output. At
present there are few groups around the world (mainly in Japan, USA and Australia) that
are pursuing the IEC concept in the hope of improving the device’s operation as a neutron
source but ultimately to become an energy source.

The concept of IEC originated in the 1930’s from the inventor of electronic television,
Philo T. Farnsworth [2]. At 14 years of age Farnsworth sketched his idea of television for
his science teacher. After spending several weeks working on the idea it was concluded that
it was physically possible. A few years later Farnsworth went to study at Brigham Young
University. During this period he spent much of his time learning about vacuum tubes and
cathode ray tubes. In 1923 Farnsworth’s father died and Farnsworth left college taking a
number of jobs related to communication. Nevertheless, Farnsworth kept on trying to make
television work and in the process he discovered the “multipactor” vacuum tube, which led
to the IEC concept. With the multipactor vacuum tube Farnsworth could focus electrons
at some point in space. During the same period plasma fusion was at its initial stages of

development. One of the major problems the fusion community faced was heat loss due to

"Dedicated to the inventor of Television and IEC concept, Philo T. Farnsworth.
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ions colliding with the chamber’s wall. Farnsworth suggested a device that can confine ions to
the centre of the chamber with a central negative space charge, thus preventing the iong from
colliding with the chamber’s wall. Farnsworth called the central electron density build-up
a “virtual electrode”, and the entire set-up was named “the fusor”. This first design was
cylindrical where ions were injected into the vacuum tube and accelerated to the centre by
the virtual cathode. Positively charged electrodes were placed around the virtual cathode
with the aim of preventing ions from escaping to the wall. Moreover, it was thought that
new ions accelerating to the centre would further help confine ions trying to escape from the
centre. Farnsworth named this method “Inertial Electrostatic Confinement”. Although this
relatively simple fusor could produce fusion reactions, the electrodynamics in such a system
was far more complex than Farnsworth imagined and the fusor did not fulfill its initial aim
of energy generation.

In the early 1960s the cylindrical arrangement became a spherical one although still using
the same concepts [3]. During the same period Hirsch [4] simplified the device by replacing
the virtual cathode with a real spherical cathode grid surrounded by a larger spherical anode
mesh. This design was named the Hirsch-Meeks Fusor and became the standard device, which
continues in most of the IEC laboratories to-date. A convergent ion focus was produced at the
cathode centre where fusion took place. The means of ion production ranged from external
ion guns to the production of a discharge between anode and cathode. The highly transparent
cathode allowed multiple passes of ions through the centre thus increasing the confinement
time. It was also thought that positive ions collecting on the cathode would further confine
ions already at the core [5]. This Fusor was successful since it was simple, compact in size and
produced neutrons but not promising encugh for the ITT corporation to continue supporting
this work (interestingly, the same company had purchased the Farnsworth television labs).
In 1967 the company stopped funding fusion research, which led the fusor team to apply
for funding from the atomic energy commission (AEC). One anecdotal story concerning the
request for funding from the AEC is that Hirsch appeared before a committee with an op-
erating portable IEC device. Although the committee was impressed, due to other priorities
the funding was refused. In 1968 Farnsworth’s team operated as a new company at Brigham
Young University. Due to large debts, in 1971 the IRS seized their assets and in that same
year Farnsworth died.

Although IEC started in the USA, in 1963 Lavrent’ev [6] from the USSR came up with
similar ideas to standard IEC. For the first time Kuropeans became interested in the potential
of IEC. This concept was soon abandoned for the more popular TOKAMAK concept. In the
1970s most of the experimental TEC research was sparse but increased in the 1980s with
Miley and Nadler [7,8] from the University of Illinois, and Bussard [9] being some of the
main groups. In the early 1990s the IEC concept split into two main streams: the grid
cathode approach and the virtual cathode approach using magnetic and electric fields to
create a dense negative space charge (virtual cathode). The latter is similar to the initial
Farnsworth conecept and overcomes the main problems arising from the solid grid cathode,

which are sputtering and melting due to the high electron-ion currents [9-17]. During the
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1990s research groups in Japan became much involved in TEC development and applications
(among are Tokyo Inst. Tec., Kyoto University and Kansai University). A collaboration
between Japan and the U.S. was established and in 1998 the first U.S.-Japan IEC work shop
took place at Los Alamos National Laboratory (LANL) in the U.S.

1.1.2 The grid cathode IEC device

The work presented in this thesis is related to the study of solid cathode IEC systems.
Nevertheless, it should be noted that much work has been done in the field of virtual cathodes
and it is claimed that these systems can produce net energy gain [18-20}. The major problems
concerning these systems are the instability of the virtual cathode and the depth of potential
being limited to a fraction of the applied voltage {21-24]. A slab model predicted that in
the kinetic limit a constant density of electron cloud becomes unstable when the ratio of
the effective Debye length to the plasma radius is smaller than one and that the maximum
potential depth is limited to ~ 14% of the applied voltage [25]. However, in later experiments
a potential of ~ 60% of the applied voltage was measured and the discrepancy is explained
with the same model for the electron-electron two-stream stability limit but considering
spherical geometry instead of slab geometry (basically, solving in spherical coordinates and
in three dimensions the fluid equation of continuity for zero pressure, the dynamic equation
for conservation of momentum and Poisson’s equation). These calculations predict a potential
depth limit of ~ 90% of the applied potential [21].

Figure 1.1 illustrates a commonly used system for commercial and research purposes.
This consists of a concentric spherical anode and cathode arrangement where the cathode is
the inner grid. Cathode diameters used in previous IEC studies range between 2 cm and 20
cm, where anode diameters range between 30 cm and 50 ¢m. This assembly of electrodes is
placed in a spherical or cylindrical vacuum chamber with gas pressures from 0.5 mTorr to
~ 30 mTort. This range enables neutron and optical diagnostics to be applied [26-30]. The
cathode voltages are mainly restricted by arcing and most experiments were carried out with
voltages up to 70 kV (improvements in technology enables pulsed IEC to operate at 110 kV
[31]). Current IEC devices have used D—D or D—T reactions, both of which produce highly
energetic neutrons. The device has also shown promise with the use of D—°He [32-34], which
is an aneutronic reaction. The methods used to ionize the gas include glow discharge that
may be supplemented with RF breakdown ionization [26,27,30] or with an additional third
outermost grid. For the latter, hot tungsten filaments placed near the walls emit electrons
that accelerate to the positively biased grid while ionizing the plasma via collisions [29].

There are several advantages to the relatively simple set-up shown in Fig. 1.1. The
ions are accelerated directly by a central electric field, which leads to a non-Maxwellian ion
energy distribution. Ideally, this mono-energetic distribution should be maintained at the
cathode’s centre. Since the fusion cross sections are largely dependent on the ion energies,
beam-beam interactions in the centre of cathode should be significant. However, at present

most of the fusion reactions are shown to be a product of beam-background interactions [28)
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Figure 1.1: The standard IEC system of cathode and anode grids . The ideal potential well

is responsible for the confinement.

- several reasons are presented in section 1.2. As a neutron source, gas target fusion (beam-
background interactions) has an advantage over solid target fusion since the targets do not
deteriorate. The simplicity of the device, which does not exploit magnetic fields (avoiding
cyclotron radiation and drifts associated with magnetic fields) enables the use of advanced
fuels such as p—!'B. This is a cheap natural isotope that in the fusion process produces 3
alpha particles for each reaction and a total energy release of 8.7 Mev. The reaction is free
from radioactive products and the energy can be directly converted into electric power [34,35].
In the TEC configuration the fusion products are not used to heat the plasma and their energy
can be directly converted into the required energy form. Lastly, since the device is compact

and portable it can be used as a neutron source for various potential applications (see section
1.2).

1.2 Current state of IEC research

At present the output power of IEC is about 7 — 8 orders of magnitude lower than the
input power. Although it is far from being an efficient energy source it is improving as a
neutron/proton source. The University of Wisconsin have shown results of ~ 10 and ~ 107
n/s with D—D and D—3He reactions (it is potentially ~ 3 orders of magnitude more for D—T
reactions) [28,32,33] where as, the University of Illinois at Urbana-Champaign achieved ~ 108

n/s using the IEC device in the pulsed mode [36]. The applications of a neutron source scale
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with neutron/proton production rates. In the range of 10° — 107 n/s the source can be used
for teaching experiments, dosimeter calibration, on-line raw material analysis and research
of new applications. With 10® — 10!! n/s the source can be used for air luggage security
inspection, portable analysis applications, isotope activation proton source and as a thermal
neutron lens. An emitter of 10'2—101% n/s can be used for land mine detection, boron neutron
capture therapy, sub-critical reactors. The many technological and industrial applications of
a portable neutron source strongly promotes IEC research. In Japan IEC research groups
are investigating the IEC neutron source with respect to cancer treatment and detection of
land mines [37]. The IEC group at the University of Wisconsin are involved in many of the
mentioned applications (34,38, 39].

For the last 50 years knowledge of IEC has been accumulating via experimental and
theoretical studies. Hirsch [5] was the first to achieved a maximum count rate of ~ 109
n/s. Models based on beam-beam interactions could not account for these fusion rates where
Baxter and Stuart [40] were the first to explain the high reactivity in Hirsch’s experiments
assuming beam-backround interactions. They developed a model assuming a mixture of ions
and fast neutrals having a distribution of energies ranging from zero to the maximum energy
gained by the jon gun potential. The combination of highly energetic ions (achieved with the
ion guns) and the relatively large corresponding D—T fusion cross sections could account for
the reactivity while considering the charge exchange process taking place in the accelerating
path of the ion guns. Although their study was applied to the ion guns arrangement, it was
later experimentally found that the beam-background interactions dominate also in conven-
tional gridded IEC devices. This is supported by some experimental studies showing that the
neutron counts linearly increase with increased ion density and furthermore, claiming that
the total reactivity originates mainly from regions outside the cathode [28].

Considering the operational principles of the device it is not surprising that the cathode
core has been of major interest. Although ions supposedly converge to the centre of cathode,
the beam-beam interactions in the core are a lesser component in the total fusion count. The
more significant contributor to the fusion count is the neutral-background fusion interaction,
originating from the charge exchange process. This process is dominant in experimental
set-ups that operate at pressures higher than ~ (.5 mTorr where the ion beams are largely
attenuated before reaching the cathode core. Equally important is the complex potential
that is established in the core that further reduces the beam-beam dominance. Independent
and direct experimental measurements show that a virtual anode is established at the centre
of the cathode [26,29]. This give rise to a potential well extending from the anode to the
centre of cathode, where the minimum of the potential is found to rest at the cathode’s edge
(see Fig. 3.2). The maximum potential depth has been measured to be in the range of
20%— 60% of the applied potential. The converging ions should not only be slowed down
by the virtual anode but also a deflected current should be established (deflected from the
radial direction). Regardless of these experimental measurements, there have been studies
of muitiple virtual electrodes in the cathode core [5,41,42]. Hirsch initially attempted to

explained his high neutron count measurements with a model of multiple virtual electrodes
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Figure 1.2: A schematic of the measured potential well. The well extends from the anode to
the cathode centre and the minimum of the potential is found at the cathode edge.

that would trap a high density of hot plasma in the core. The required density of the hot
plasma was found to be orders of magnitude larger than the density of the injected ion
beam and Hirsch did not support the model with experimental measurements of the core
density. Microwave cavity measurements of electron densities [43] in stmilar experiments to
Hirsch’s suggest that Hirsch’s model is not responsible for the neutron counts. Although
there were other studies and theoretical predictions of multi electrode structure [41,42], there
is no conclusive experimental evidence supporting such structures for the neutron producing
devices.

Cathode physical parameters were comprehensively and systematically studied by Thor-
son et al. [28]. The transparency of the spherical grid cathode was varied by changing the
thickness of the grid’s wire. Transparency ranging between 91% — 96% did not significantly
change the neutron production rates. However, increasing the cathode radius did show a
slight increase in the neutron production rates. Different cathode materials such as stainless
steel, titanium and tungsten showed small variations in the neutron production rates. Other
cathode geometries [26,27,30] have been used for spectroscopic diagnostics (see chapter 2).
A two ring cathode has been used in order to isolate an emission channel thereby creating
a one dimensional IEC device. Further, a two coned cathode was used to collimate the hot
neutrals comprising the beams and responsible for the emission channels [26,27,30]. A two
coned cathode is also used in the experiments presented in chapter 5, where the experiments
suggest that a maximum potential depth of 60% of the applied voltage is established at the
cathode’s edge.
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Currently there are technical and physical issues that must be resolved before IEC can
progress towards a viable fusion energy device. The technical issues mainly concern cath-
ode materials, arcing (limiting the applied voltages) and energy conversion [44]. As for the
physical issues, the limited potential depth is of great concern. The established steady state
potential depth has been shown to be a fraction of the maximum applied potential, conse-
quently preventing the ions from gaining the maximum possible kinetic energy. To overcome
this problem the applied voltage can be increased but this solution is limited by technical
problems such as cathode melting and arcing. A theoretical study [45] has shown that non-
equilibrium fusion systems, which include IEC, lose energy from Bremsstrahlung radiation
at a greater rate than fusion energy gain. However, this is mass dependent and D—T and
D-D fuels can still provide a net energy gain. The potential established by ion-electron
currents (where a virtual anode is established at the centre of the cathode) changes the ion
confinement mechanism. Moreover, calculations show [46] that the ion thermalization time
will be much shorter than the ion fusion time. Another physical issue concerns sputtering
where energy is lost via collisions and X-rays emission. The heavy ions that are created in the
process further reduce the efficiency of the device since they have lower fusion cross sections.

A major energy loss mechanism is charge exchange (and the major focus of the work pre-
sented in this thesis). Most IEC devices are operated in the units of mTorr range where charge
exchange is dominant. Charge exchange attenuates the ion beams, redistributes ion/neutral
energies while reducing the ion energies. Consequently, energy is lost and fusion rates are

limited to a maximum that depends on the background gas pressure.

1.3 Aims of this thesis

The major aims of this work include: the explanation of the spectral line resulting from
Doppler shift measurements of energetic neutrals in an IEC discharge. A model describing
charge exchange was developed and was used for this purpose. In the experimental stage of
the work a significant amount of neutral atoms were found to diverge from the cathode. This
is contrary to the traditional view of ions converging to the cathode, which has an impact
on the confinement mechanism and fusion rate output of the device. When analyzing the
spectral line this phenomenon was included and accounted for. The model was further used
to predict fusion rates while considering this phenomenon. The results were shown to agree
with previous experimental work of others. A systematic experimental study of the scaling
of the device with varied parameters was carried out. As a consequence a new neutron
producing device was designed and built in the aim of improving the neutron production.
Spectroscopic measurements were compared with the model, which was extended to apply to
a two dimensional system. Once the model was verified through spectroscopic measurements,
predictions of the neutron production rate were carried out.

Specifically, the work presented in this thesis concerns charge exchange collisions, which
is the predominant interaction for TEC devices operating in the gaseous discharge regime.

Charge exchange represents a major energy loss mechanism since it results in energetic neu-
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trals that can leave the system without any confinement. The process also redistributes the
ion/neutral energies while preventing them from having a mono-energetic distribution at the
centre of cathode.

The excited energetic neutrals have been used to determine their energies by the emitted
Doppler shifted spectrum [26,27]. It has been found that the maximum ion energy was ~ 25%
of the applied potential energy for the device operating in units and tens of mTorr pressure
range. It was further shown that this energy corresponds to the maximum potential depth of
the potential well that is established between the centre of cathode and anode. This implies
that the steady state potential established in the plasma is a significant constraint on the
possible maximum ion energies. However, this for itself does not account for the broad ion
energy distribution that is suggested by the broad extended Doppler shifted wings observed
in the spectra. As will be explained in detail in chapter 2, the Doppler shifted wings are
formed by the distribution of wavelength shifts caused by de-exciting hot neutrals having
a broad distribution of energies (e.g. see Fig. 2.8). It has been established {26, 27] that
the excited hot neutrals are formed via charge exchange, implying that charge exchange is a
dominant process that significantly reduces the ion energies.

When using hydrogen gas (for diagnostic purposes) or deuterium gas (for neutron count-
ing experiments), several molecular species form in the plasma. The most dominant species
are HY, Hf and Hf (or D*, D} and DJ) where the formation of these is largely dependent
on charge exchange as well as on other processes [26,27,47]. Since heavy molecules gain
lower velocities the fusion cross sections per nucleon drops significantly. Furthermore, the
charge exchange process is partially responsible for the breaking down of the assumption
of a peaked uniform energy distribution at the centre of cathode. As demonstrated in this
work, due to significant damping of ion energies only a fractions of the entire ion density
gains the maximum possible potential energy. Baxter and Stuart [40] showed that charge
exchange could explain the high fusion rates in Hirsch’s ion guns experiment. Thorson et
al. [28] experimentally demonstrated that charge exchange is dominant in conventional IEC
devices. However, there was no specific charge exchange modelling applied to the conven-
tional gridded IEC device. As part of the study of the influence of molecular species on the
net resulting energy distribution, a semi-analytical method is developed to model the charge
exchange process while accounting for each separate specie [48]. This enables the prediction
of the energy distributions resulting from each specie (since the method is easy to compute,
flexible in changing input parameters and does not consume much computer operation time,
a large number of systems can be studied).

The Doppler shift has been used to measure ion energies, to distinguish between different
ion species and to find relative ion densities [26,27]. This is a non-intrusive diagnostic and
is well suited to this type of discharge. Doppler shift diagnostics relies on the emission
received from de-exciting fast neutral atoms that are created via charge exchange. Although
the properties of the resulting spectra were sufficiently understood for extracting physical
information [26,27,30}, there was no model to account for the specific details of the spectrum
shape. In this work charge exchange models are applied to specific IEC devices and other
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discharge systems confirming assumptions made in previous work and further detailing the
information of the energy distributions responsible for the spectrum shape. Consequently,
the diagnostic method is justified and better understood.

The conventional view of the IEC operation is of ions converging from the outer spherical
anode to the centre of an inner spherical grid cathode. As a result of charge exchange, the
ion energy distribution depends strongly on distance. Changing the path length is simply a
matter of changing the distance between electrodes. The ion energy distribution, as a result
of charge exchange, is also dependent on gas pressure and cathode voltage. Consequently,
one of the aims of this study was to model the dependence of the ion energy distribution on
path length, pressure and electric field. This enabled the optimization of these parameters
for maximum fusion rates. Moreover, it enabled the prediction of spectroscopic line shapes.
Measurements of the line shapes of the hydrogen H, Balmer line were carried out for many
different combinations of path length, pressure and electric field in order to test the predictions
of the model and to establish scaling laws. To the author’s knowledge, this is the first
systematic study of the influence of the anode to cathode distance, pressure and voltage on
the ions’ energy distribution. Previous studies were mainly concerned with the cathode’s
physical features [28].

In the course of determining the spectroscopic line shape, it was strongly suggested
that a substantial number of energetic neutral atoms originated from the cathode centre
while diverging from the cathode. Consequently, an additional aim was the inclusion of this
phenomenon in conjunction with earlier work and with the work presented in this thesis.
This more accurately accounts for the spectroscopic line shape and for any ion confinement
that occurs in a gridded IEC device.

This thesis further extends beyond an IEC device with the aim of producing an efficient
neutron device that makes use of the optimization of the three parameters (investigated with
the IEC device): ion path length, gas pressure and applied electric field. This is a target
based neutron source exploiting charge exchange that is caused by ion cyclotron motion in
cold background gas. In the study of the IEC device the charge exchange model was applied
to a one dimensional problem of a beam of ions in a hydrogen background gas. In the study of
the ICR device the model is extended to solve a two dimensional problem for spiraling ions in
a hydrogen background gas. The validation of the model through spectroscopic measurements
both on IEC and ICR devices, allows for the extrapolations and predictions of the fusion rates

for varied parameters.

1.4 Overall view of the thesis

About three quarters of the volume of this work concerns the study of an IEC device while
focussing on charge exchange. As mentioned in section 1.2, in recent years IEC devices have
become potentially useful neutron sources with various commercial applications {31, 34, 37-
39,49}. In the remaining quarter of this work, conclusions drawn from the IEC study are

further used to investigate a new type of target based neutron source that uses ion cyelotron
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resonance, hereafter named “ion cyclotron resonance” (ICR) device. The investigation is
carried out using modelling and is supplemented with a first experimental prototype.
Chapter 1 has presented a brief discussion of IEC history, principles of operation, current
state of research and the contributions of this work. Chapter 2 presents the experimental
apparatus of the IEC device and a discussion of the Doppler shift diagnostic method in
relation to IEC studies. In chapter 3 a semi-analytical method of modelling charge exchange is
developed in the aims of verifying the interpretation of experimental spectra with the resulting
ion energy distributions, predicting ion energy distributions for various experimental set-ups
operating at various conditions and estimating fusion rates. Chapter 4 presents experimental
evidence suggesting that a substantial number of energetic neutral atoms are diverging out
from the cathode. Assuming these findings and based on the charge exchange model, the
spectrum line shapes are simulated and explained. Other applications of the model concerning
high pressure discharge systems and TEC confinement time are also presented. Chapter 5
presents a comprehensive experimental study of the beams (emission channels), which extend
from the centre of cathode, through the anodes, to the wall of the chamber. Scaling rules
are found for variations in anode to cathode distance, gas pressure and applied voltage. In
chapter 6 neutron/proton production rates are estimated and are compared with published
experimental data. The calculations consider the new observation presented in chapter 4 and
are based on the charge exchange model. Chapter 7 presents the principles of operation of
a prototype of the neutron producing ICR device. A two dimensional model is developed to
describe the charge exchange in the device. Chapter 8 presents the experimental apparatus
of the ICR device. Results of initial experiments that measured neutral hydrogen energies
are compared with the model results. Furthermore, the expected neutron production rates
of the ICR device are approximated with two methods. In chapter 9 overall conclusions are

drawn and suggestions for further work are presented.
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Chapter 2

Apparatus and Diagnostic Method

In this chapter the experimental apparatus is presented in detail. This is followed with a
presentation of the Doppler shift diagnostic method and a review of the Doppler spectra
analysis. A section is dedicated to measurements and spectra analysis related issues that

concern the work presented in this thesis.

2.1 Experimental apparatus

2.1.1 Background

In a typical IEC, an approximately spherically symmetric cathode grid is mounted in the
center of a larger spherical anode grid within a vacuum chamber (see cathode in Fig. 1.1). In
some devices, a spherically symmetric chamber acts as the anode. The chamber may contain
Hs or Ds gas in the range of units of mTorr pressure, depending on the application. When
a sufficiently large de bias is applied between the anode and cathode, beams of collimated
discharge “channels” emanate radially through the apertures in the cathode grid, appearing
to intersect at the cathode center {“star mode” [1]).

In earlier work [2], Doppler spectroscopic measurements of channel ion energies on a
spherical 1EC cathode were confounded by the nearly spherical symmetry of the arrange-
ment of the resulting channels because of the difficulty in separating the optical emission of
numerous converging channels from the one under study. This led to two designs for reduced
symmetry cathodes, which produced mainly two oppositely directed channels.

The first design consisted of a two parallel ring cathode, where the centers of the two rings
were placed on the same axis [3]. The diameter of each ring was 20 mm and the separation
of the rings was 20 mm. This enabled Doppler spectra originating within the cathode and
those just outside it to be measured. The second design included a cathode that consisted
of two hollow stainless-steel cones attached base-to-base (see cathode in Fig. 2.2}. The tips
of the cones were truncated to produce the two apertures that served to collimate the two
channels in the direction of the cone axis. The use of this “biconical” cathode resulted in
sharper and better defined spectra than for the spherical and rings IEC cathodes. However,

the spectra outside all cathodes were found to be similar in shape and the only difference was
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Figure 2.1: The experimental IEC assembly.

the resolution of the structure in the spectra wings.
This work presents experimental results obtained with the biconical cathode. First a

description of the apparatus will be given.

2.1.2 The apparatus

In this work Doppler spectroscopy was carried out on the set-up shown in Fig. 2.1. The
cathode in the vacuum chamber was negatively biased with a DC voltage ranging between
—1 and —10 kV. To ensure a sustained DC discharge when the cathode was DC biased, a
low power RF source amplified by an RF amplifier (10 W at 14.2 MHz) was used. The signal
was transferred through an RF impedance matching box to a short antenna that was placed
well outside the anode grids so that the intensity of the RF excitation did not obscure the
intensity of the channel under investigation. Spectroscopic measurements were carried out
with and without the external RF discharge, and no difference between the two cases was
found. Consequently, it was assumed that the behavior of the species within the discharge,
as determined by spectral behavior, was dominated by the effects of the large dc bias. This
enabled the pressure and voltage to be varied independently of each other.

The gas pressure was regulated with a mass flow controller. A rotary pump and a
turbomolecular pump {500 1/s) were used, enabling a base pressure well below 1 millitorr to
be reached.

A red-sensitive photo-multiplier (Hamamatsu R1509) was mounted on a scanning monochro-
mator (2051 GCA /McPherson), having a resolution of 0.07 nm. The signal from the photo-
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Figure 2.2: The assembly within the vaccum chamber.

multiplier was amplified and averaged using a box-car integrator (Stanford Research System
SR 250). In some cases the monochromator’s slit was widened from 25 microns to a maximum
of 75 microns however, this did not adversely affect any of the results. Increasing the width
was needed for lower pressures (<10 mTorr) since the emission intensity was dependent on
pressure. A lower pressure in general meant lower intensity. The width was also increased
when observing an emission channel at 30° or 90° angle relative to the channel. Resolv-
able spectra with good signal to noise were obtained for pressures higher than ~ 5 mTorr.
The data acquisition system consisted of a PC and a 12 bit, 100 kHz Keithley Instruments
DAQ1400 data acquisition card. The software supplied with this card, Easyest AG, was used.

The vacuum chamber consisted of a glass bell jar back-filled with hydrogen gas. Figure
2.2 shows the assembly within the vacuum chamber. The biconical cathode (two hollow
stainless steel cones attached with their larger bases) diameter at its two tips was 1.5 cm
and at center 3.5 cm. The total length of the cathode was 5.5 cm and it was centered in the
chamber above a surface of a long aluminum plate, which was 17 ¢m from the axis of the
cathode (see Fig. 2.2). Two hemispherical stainless steel meshes (diameter of 16 cm) were
used as anodes and were mounted on the plate at each side of the cathode. The anodes could
be mounted at different distances from the cathode independently in intervals of 2 em and
were held at the same potential as the vacuum chamber. The plate could be turned around
its centre axis 360°, allowing Doppler spectroscopy measurements to be taken from different
angles with respect to the channels.

'The system described above produced two intense collimated beams {channels) spanning
the distance between the cathode and anodes (see Fig. 2.3). The spectra from the regions

of interest along the channels were sampled by using a glass lens to project a real image of
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Figure 2.3: A schematic of the two intense collimated beams (channels) spanning the distance
between the cathode and anodes. The beams go through the anodes mesh reaching the wall
of the chamber.

those regions onto the entrance slit of the monochromator. Alignment of the monochromator
was carried out with a helinm-neon laser to set the correct entrance angle between the beam
and monochromator axes. The 360° rotatibility in the horizontal plane of the aluminum
plate (with the cathode and anode) enabled measurements at 0°, 30° and 90° relative to the
beam. Spectra were measured for dc cathode bias voltages in the range of —1 to —10 kV and

pressures in the range of 5 — 30 mTorr.

2.1.3 RF matching unit

In the assembly shown in Fig. 2.1 an RF source was used to enhance the ionization of the gas.
An in-house RF impedance matching box was built to couple the RF power to the antenna.
The cirenit is shown in Fig. 2.4 and will now be described.

In this design two variable capacitors C7, s, and an inductor L were used as shown in
Fig. 2.4. The impedance Z of the capacitors, inductor and IEC device were measured in
vacuum. Ideally, the capacitors should have only capacitive reactance of X, = —1/wC, and
the inductor only an inductive reactance of X; = wl. In practice high voltage capacitors
and inductors were used, which had a resistive component r as well. We found the following

impedances for the components used:
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Figure 2.4: The RF matching circuit used in the apparatus of Fig. 2.1.

Component Amplitude Phase

Ch 0.358 k&2 —90°

Co 1253 @ —80.3°

L 5.35 k2 88°
1EC 1 k2 —82.7°

Note that €5, L and the IEC device have a resistive component, which is a resistance
equivalent to all the parasitic effects associated with a certain component. The RF source
(RFS) was chosen to operate at a frequency of f = 14.25 MHz, and analysis was carried out
to determine the capacitive or inductive reactance and the resistance of each element (note
that w = 2x f).

Variable capacitors were used to compensate for the changing plasma impedance. The
forward and reflected power were monitored with a power meter placed in series between the
RF amplifier and the matching box. In this case C; and Cy could be varied to maximum
capacitances of ~ 35 pF and ~ 750 pF respectively, and the RFS frequency could be varied
in the range of units and tens of MHz.

Figure 2.4 shows the RF impedance matching circuit used in this work. The resistive
components, indicated by R;, Rz and Ry, arise naturally within the components of the
systems. Note also that there is a resistance R associated with the discharge.

The objective is to match the input impedance of the circuit to the output impedance

of the RF source, which is 50§2. The input of the circuit consists of two parallel impedances

given as:
1 1 1
—_— _— — 2.1
Z  Z, 50 (21)
where:
Z = -4 L LRyeL (2.2)
w01 wC
J
Ly = —-—
2 2 wCs

and
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R =R+R.+R (2.3)

When comparing the imaginary and the real elements on one side of eq. 2.1 with the
imaginary and real elements on the other, two equations emerge. With some algebraic ma-

nipulations it is possible to solve for the variables C) and Cy such that:

1
G = 2.4
' [wﬂ L— é — \/ w(50--R) (50w +50wR—wRRy) J (24)

(50—Rz)

C = (50 — R)
2 7 \w(50 — R,) (50wR3 + 50wR — wRRy)

Note that €1 and Cs are the values of the capacitance calculated for a match while con-
sidering the given inductance, resistances and capacitance of the IEC device (the inductance
and resistances were measured in atmospheric conditions, where the capacitance of the JEC
device was measured in vacuum conditions). If the given variable capacitors (', C7 are not in
the matching range it is possible to increase or decrease their capacitance by adding capacitors
in series or in parallel. Having the freedom of varying the frequencies and capacitance, the
matching circuit had allowed ~ 60% efficiency and was sufficient in maintaining the plasma
without destroying the RFS.

2.2 Doppler shift diagnostics

Charge exchange reactions are dominant in energetic (keV energies) glow discharges [5, 10},
particularly in hollow cathode [2,3,6-10] and plane cathode [11-13] hydrogen discharges
operating in the units and tens of mTorr pressure range, which exhibit directional ion beams.
As a result, Doppler spectroscopy has been used as a diagnostic tool to infer on the ion energy
distributions. Since IEC devices are often operated at this pressure range, similar directional
ion beams are formed, which makes Doppler spectroscopy suitable for these devices.

Doppler shift spectra are formed by the emission of de-exciting atoms originating in the
charge exchange reactions [11]. A physical interpretation of the spectrum has been found,
enabling the determination of ion and neutral energies in the cathode region and along the
neutral beam, where the beam is an emission channel extending from the anode, through the
cathode, to the other anode on the opposite side. Furthermore, from the specific spectral
line shape it is possible to estimate the relative densities of ionic species that are formed in
the gas under the experimental conditions [2, 3].

In devices containing hydrogen gas, several physical {chemical) processes are responsible
for the formation of HT, H; and H;.r ionic species in the gas. An applied cathode voltage
creates a potential that accelerates these ionic species through the gas while charge exchanging

with the background gas. Equations 2.5, 2.6 present possible charge exchange interactions:
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Ht+H — H'+HT
Hf+H — H'+H+HT (2.5)
H;;-FH — H*+H2+H+

H++H2 — H*+H;
HY+H, — H*'4+H+HS (2.6)
Hf +H; — H*+Hpy+HJ

where H and H; are the background gas atoms and H* is the resulting excited fast neutral.
In the range of units and tens of mTorr the Hy is the major component of the background
gas, and therefore, it is sufficient to consider the reactions in eq. 2.6 [2,3,11].

It has been shown that the excited H* atom’s trajectory is in the same direction as that
of the initial incident ion’s trajectory and any diversion is between 1° and 2°, depending
on the energy of the incident ion [14]. The molecular dissociation energy is negligible in
comparison to the fragment energy, and in a charge exchange interaction the total energy
of all the fragments is approximately equal to the energy of the incident ion. Furthermore,
considering that the ion energies are in the order of keV, any energy lost to electronic or
vibrational excitation is negligible (in the order of units and tens of eV).

Emission from fast H* atoms is responsible for a broad Doppler shifted spectrum that
is dependent on the incident ion energies. In this work, the hydrogen H, line was detected
since it was most intense and gives the largest Doppler shift in the visible spectrum. This is
the Balmer o emission line corresponding to the transition from n = 3 to n = 2 levels with
a wavelength X = 6563 A, emitted by stationary (or low energy) atoms.

The excited H* atom has approximately the same velocity as the incident ion’s velocity
but may differ in energy. Referring to the first reaction in eq. 2.6, the H* atom has the H*
incident ion’s energy. In the case of the second reaction in eq. 2.6, the H* atom has half
of the HS incident ion’s energy. Similarly, the H* atom in the third reaction of eq. 2.6 has
a third of the energy of the incident H;’ ion. Measuring the Doppler shift in the emission
of the de-exciting atom is a direct measure of the excited H* atom’s energy, and therefore
if the reaction is known, the incident ion’s energy can be determined. The non-relativistic

expression for the Doppler wavelength shift can be expressed as follows:

Al =~ ”U_i\o cos 8 (2.7)

where Mg is the wavelength of the unshifted line, v is the speed of the excited atom, ¢ is
the speed of light and & is the angle between the observation line and the trajectory of the
excited atom (note that if the observation is at 90° to the trajectory of the excited atom, the
wavelength shift is zero). In eq. 2.7 AX = A — Xg, and therefore, a positive AX implies that

the excited atom is receding from the monochromator whereas, a negative A) implies that
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Figure 2.5: The energy of the excited atom as a function of the Doppler shift wavelength for
# = 0° and € = 30°. The unshifted Ay emission line is 6563 A.

the excited atom is approaching the monochromator. The angle & is chosen to be the acute
angle between the observation line and the trajectory of the excited atom.

Expressing the velocity in terms of the wavelength shift and substituting in the classical
expression for the kinetic energy results in an expression for the II* kinetic energy as a

function of the wavelength shift squared:

myc? (AN)?
Er=— 3,
2)¢ cos? @

where mpy is the mass of the excited atom. Figure 2.5 presents a plot of the energy of the

(2.8)

excited atom as a function of the Doppler shift wavelength for € = 0° and # = 30°, and for
Ao set to be the unshifted H, emission line (6563 A).

2.3 Analysis of Doppler spectra

Khachan [2] obtained Doppler shift spectra from a gridded IEC device at the units and tens
of mTorr pressure range, where emission channels {“beams”} emerge from the spacing in the
cathode grid. The resulting spectrum showed a relatively sharp and intense central peak
with two broad peaks {“wings”) extending on each side of the central peak. Although each of
the wings had a nearly smooth envelope shape, they were suspected to have structure. The
structure could not be resolved since there was interference of emission from other channels
that smeared the structure of the wings. Overcoming this problem, a two ring cathode was

used to isolated one of the channels {making the IEC device one dimensional). Consequently,
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Figure 2.6: A spectrum of the resolved wing structure. The one dimensional IEC device was
operated at pressure of 5 mTorr and cathode voltage of —4 kV (taken from J. Khachan and
S. Collis, Phys. Plasmas, 8, 1299, 2001).

the structure of the wings was clearly resolved.

Figure 2.6 is taken from Khachan and Collis [2]. This spectrum was taken for an applied
cathode voltage of —4 kV and a pressure of 5 mTorr. The line-of-sight of the monochromator
was along the beam (8 = 0°) but focusing on the centre of cathode. The central sharp peak
corresponds to the unshifted H, emission line (6563 A). The peak arises from the excitation
of the cold background gas via electron impact and other physical processes [11]. The wing
clearly shows three distinct peaks. The two peaks closer to the unshifted peak are relatively
intense and narrow, whereas the third smaller peak (most right in the figure) is broadened
and is mostly isolated from the others.

It was suspected that the three peaks were the Doppler shift of H, originating from
different ionic species given in eq. 2.6, where the three energy distributions add to give
the resultant spectrum. Figure 2.6 presents a three Gaussian fit that was applied to the
distribution and clearly shows an overlap of the reconstructed and experimental spectra.
Assuming that all three species of ions are accelerating via the same potential while charge
exchanging, and since each has a different mass, three distinct distributions of wavelengths
shifts are expected (see section 2.2: although the initial ions might have the same energy, the
resulting fast neutral energies will differ). The Gaussian distribution implies that the energy
corresponding to the average wavelength shift of each of the three ionic distributions is the
most intense.

Other spectra were obtained for voltages between 2 kV and 10 kV at a pressure of b
mTorr. Gaussian fits were carried out for each spectrum and the wavelength shift of the

peaks were plotted against the square root of the applied voltage. It was found that there
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Figure 2.7: For each spectrum the three energies corresponding to the three Gaussian peaks
are plotted. The energy corresponding to the first peak (closest to the unshifted peak) was
multiplied by three ([J}) and the energy corresponding to the second peak was multiplied by
two {((0). The energies are plotted against the varied voltage (taken from J. Khachan and S.
Collis, Phys. of Plasmas, 8(4), 1299, 2001).

is a linear relationship between the Doppler wavelength shift and the square root of the
applied voltage for each of the three peaks respectively {2]. The wavelength shift squared
is proportional to the kinetic energy (see eq. 2.8}, and therefore, the ions’ kinetic energy is
linear with the applied voltage (this had to be verified since there are various ion energy loss
mechanisms).

Figure 2.7, taken from Khachan and Collis [2], suggests that each of the three peaks
can be identified with one of the reactions presented in eq. 2.6. For each spectrum (taken
at different voltages) the three wavelength shifts corresponding to the three Gaussian peaks
were converted into energies (see eq. 2.8). The energy corresponding to the first peak (closest
to the unshifted peak) was then multiplied by three, the energy corresponding to the second
peak was multiplied by two and were all plotted against the applied voltages. It is clear that
for each of the voltages the three energies nearly overlap and since the multiplication factors
are the mass ratios of H; to HT and of Hg’ to H' respectively, it is strongly implied that the
three peaks correspond to each of the processes described in eq. 2.6. 'The first peak represents
the initial H;r incident ion, the second peak represents the initial H;‘ incident ion and the
third peak represents the initial HT incident ion for each of the reactions (this is based on the
principle of equal energy partition between the resulting fragments). This finding enabled
the determination of the energies of each of the three incident ionic species and to predict

relative jon densities [2,3].
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2.4 Further discussion and related issues

Although the diagnostic method has been found to be successful in estimating ion energies
and densities, there are some related issues to consider. These further contribute to the
understanding of the diagnostic method and the spectral profiles.

Line integration of emission

The spectrum in Fig. 2.6 represents a typical spectrum taken while the line-of-sight of the
monochromator is aligned along the beam (6 = 0°). This was obtained with a lens, which
focused emission from the centre of cathode onto the slit of the monochromator. However, it
is not clear whether the spectrum was constructed from localized emission focused from the
centre of cathode or from emission in the entire cathode region, around the central point.

It has been established that a potential well extends from the cathode centre to the
anode [3,15] and therefore, the ions should have increasing energies while approaching the
cathode edge, where there is a minimum in the potential. If the lens images a very small region
of the beam onto the slit of the monochromator, imaging different points along the potential
well should result in different maximum wavelength shifts. As energy decreases the extended
wings in the spectrumn should approach the unshifted peak. Using the experimental set-up
presented in this chapter, it has been found that when imaging points along the beam, within
the cathode region, the spectra do not change significantly (note that the monochromator
is aligned at # = 0° relative to the beam). A trial and error experiment was carried out
with the focus of the lens whereby an object was placed at the centre of cathode and focused
onto the slit of the monochromator. The object was then moved from the centre towards the
entrance of the cathode. At a distance of ~ £3 cm there was still a blurry image formed
on the slit of the monochromator. That implies that emission at ~ +3 c¢m from the centre
of cathode reaches the slit. This all suggests that emission in the entire cathode reaches the
slit of the monochromator and also that this emission enters the instrument acceptance cone.
Therefore, it can be concluded that the emission in the entire cathode contributes to the final
signal, where it is line integrated along the cathode.

This conclusion is further supported by the experimental work of Khachan et al. [3]
showing that when the monochromator was aligned at 8 = 30° relative to the beam, the
energies (spectrum wings) vary when moving out from the cathode centre to the cathode’s
edge. In this case the monochromator receives emission from a very short length cylinder (a
small interval of the beam) that is projected by the lens on the slit. The depth-of-focus does
not affect the wings of the spectrum since the background emission does not contribute to

the wings’ structure.

The Gaussian distribution assumption

As demonstrated in Fig. 2.6, the Gaussian fit can explain the experimental spectrum line
shape while implying that the Doppler shift distribution resulting from each ionic specie is

Gaussian. However, there are a few inconsistencies with the Gaussian approach:
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1. It is clear that there is a significant distribution of ion wavelength shifts in the gap
between the unshifted peak and the first peak (representing the I3 specie). The three
Gaussian fits do not account for the distribution in the gap.

2. When fitting three Gaussians for the wing, in many cases there is some variability in
the amplitudes of the three Gaussians, which result in a good fit to the experimental
spectrum. However, the positions of the three Gaussian peaks do not change signifi-

cantly.

3. In the work of Khachan et al. [2,3], it was found that the Gaussian peaks represent the
maximum energy that the ions gained for a given applied cathode potential. However,
if the distribution of a specie is Gaussian, the peak should reflect the average energy of

the ions.

In chapter 3 the distributions of each specie are modeled based on charge exchange,
enabling the explanation and reconstruction of the observed spectra. This will also set limi-

tations to the Gaussian approach.

Overlapping distributions

The energy distribution shapes of the three ionic species largely depend on cross sections, the
distance the electrostatic potential extends to (hereafter will be defined as the pathlength of
the potential} and pressure. For combinations of relatively high pressures {above 10 mTorr),
voltages in the range of 3-10 kV and cylindrically hollow cathodes longer than 4 cm, the
creation of many low energy ions was observed. These ions are responsible for an additional
broad peak that is created between the unshifted peak and the peak representing the heavy
H:‘{ specie (see discussion in section 2.2). Moreover, the peak representing the Hg’ specie
significantly overlaps with the peak representing the H specie and both can not be resolved.

Figure 2.8 presents a spectrum taken with the experimental set-up detailed in section 2.1,
where the monochromator was set at 0° relative to the beam and focussing on the cathode
centre. The anodes were placed 16 cm apart from the center of cathode, pressure was set to
15 m'Torr and a cathode voltage of —6 kV was applied. Note that the spectrum is symmetric
around the main unshifted peak. This is a result of the depth-of-focus, which enables light
from both sides of the centre of cathode to reach the monochromator’s slit.

The figure presents a three Gaussian fit. However, the first Gaussian (closer to the
unshifted peak) does not represent the HJ specie but rather a peak caused by many low
energy ions that are created under the specific experimental conditions. This peak can only
be accounted for with an appropriate model, which is presented in chapter 3. The second
(Gaussian represents the H;r and the H; species’ overlapping distributions. In chapter 4 it will
be shown that it is reasonable to consider the position of the Gausssian peak as the average

of the positions of the two ionic distributions peaks. Since the H¥ specie has the maximum
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Figure 2.8: The figure presents a three Gaussian fit (red line) to an experimental spectrum
(black line) taken with the experimental set-up described in chapter 2. The Gaussian (green
line) closer to the unshifted peak represents ions of all three species and of relatively low
energy. The second Gaussian represents the Hy and HJ species, where their distributions
overlap. It is not possible to resolve the two peaks representing the two species. The third

peak represents the well resolved H* ionic specie.
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wavelength shift!, it is well out of the low energy range and therefore, in most cases the third

peak is well resolved.

2.5 Summary

The experimental apparatus described in section 2.1 enabled the study of two emission chan-
nels (beams), spanned between the cathode and anodes. The apparatus allowed for spectro-
scopic measurements to be done at different angles relative to the beam, and for spectra to
be obtained for dc cathode bias voltages in the range of —1 to —10 kV and pressures in the
range of 5 — 30 mTorr.

The diagnostic tool used in this work is Doppler shift spectroscopy, which is made possible
due to charge exchange collisions of energetic HT, HS and H;{ with the background hydrogen
gas, Hy. These three collisions result in energetic and excited atomic hydrogen, H*, which
have energies that depend on the incident ion energy. As a result, there is a convolution of
peaks that can be deconvolved by fitting three Gaussians to the spectra. This enables the
energy distributions of the incident ions to be obtained.

When using a lens to focus light from a region onto the monochromator’s slit, the spec-
tra are formed from the integration of light originating in the region corresponding to the
depth-of-focus. Although in some cases there may not be a unique combination of Gaussian
intensities to fit the observed spectrum’s features, it is experimentally shown that the posi-
tions of the peaks do not change a great deal with a maximum error of ~ 5 %. Therefore,
the Gaussian approximation is suflicient in order to find the most intense ion energy for
each specie. The limitations of the Gaussian approach will be determined in the following
chapters, while modelling charge exchange and examining the resulting distributions.

The two main advantages of Doppler shift diagnostics are that it is a non-intrusive diag-
nostic method, and the experimental diagnostic set-up is relatively simple. In the following
chapter theoretical modelling of charge exchange is presented giving the background for the

spectrum analysis and interpretation.

1This is & shorthand usage that will be used throughout this thesis meaning that the emission resulting
from the H* charge exchange interaction has the maximum wavelength shift.
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Chapter 3
Charge Exchange Modelling

In this chapter, a semi-analytical method is developed, which enables the rapid determination
of spatial ion energy distributions for discharges such as described in the previous chapter.
This method will be shown to be a special case of Markov Chain theory and will be compared

with the results of Monte Carlo simulations.

3.1 Motivation and previous work

Charge exchange has been recognized to be dominant in IEC devices (in the units of mTorr
range) and has been modeled, mostly in an attempt to explain fusion rates. From the early
1960’s to the late 1990’s D—D and D—T fusion rates were measured while operating IEC
devices at gas pressures of units of mTorr (including devices based on ion guns, where ions
are accelerated through cold background gas into a vacuum chamber) [1-4]. Models based
on beam-beam interactions that incorporated various processes in the cathode region failed
to explain the experimental high fusion reactivity measured in these devices [1]. Baxter
and Stuart [5] developed a model based on charge exchange that clearly agreed with some
experimental results. The model assumed that the neutron production rate was mainly due to
ion beam-background and neutral-background interactions. The modelling method was based
on simplifying the Boltzmann equation and solving it numerically. However, the modelling
was done for Hirsch’s ion guns arrangement and not for the most commonly used gridded
IEC device.

Thorson et al. [6] reported fusion rate measurements from a gridded IEC device and
concluded that the major contribution was from ions and fast neutrals interacting with back-
ground gas. They supplemented their experiments with a collisionless low model that did
not account for the measured neutron production rates and for the dependence of the neutron
production rate on gas pressure.

Bgrve et al. [7] reported investigations of kinetic instabilities associated with an injection
of a plasma beam into background gas while assuming that the charge exchange process is the
major contributor to the velocity distribution of the ions. In their model they approximated

the charge exchange cross sections with an analytical expression and used the Monte Carlo
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method, which was shown to converge to the analytical solution of the linear Boltzmann
equation [8]. Although this study was not specifically related to IEC, it is relevant to gridded
IEC systems since ion beams are accelerated in background gas.

Here a general method of modelling is developed and specifically applied to linear and
parabolic potentials, enabling the determination of energy distributions that will explain

spectra obtained in this work.

3.2 The charge exchange process

The dominant charge exchange reactions in a hydrogen discharge are the ones given in eq.
2.6 (see chapter 2). The resulting fast neutrals (H*) have trajectories that are in the same
direction as the incident {“parent”) ions and the total energy of the resulting fragments from
the reaction is approximately equal to the energy of the incident ion. If the parent ion is
H2+, each of the H fragments will have half the energy. Similarly, for the parent ion Hg’,
each fragment has a third of the parent’s energy [9]. In addition, note that a cold ion HJ is
created with each reaction. These cold ions can subsequently accelerate in the discharges via
the potential, and in turn can undergo a charge exchange collision.

Two distinct chain processes can take place: the ion specie interacting with the same
background specie (e.g. HJ interacting with Hy background gas), and the ion specie inter-
acting with a different background specie (e.g. Hj interacting with Hz background gas). In
the latter case, the newly created cold ion is of a different specie to the initial interacting
energetic ion. As a result, this process ends when all the initial ion densities starting the
_process have charge exchanged. The latter case is shown to be a sub-set of the former case
and modelling the first case incorporates both.

In this chapter, this chain of charge exchange reactions is modeled in order to determine
the spatial distribution of ion energies along a hydrogen ion beam in an Hy background gas,
which is a one dimensional problem. The method is generalized for all monotonically increas-
ing (or decreasing) potentials, where the linear and parabolic potentials are special cases of
this set. Note that Monte Carlo modelling can easily be used to model these chain reactions
except it suffers from numerical noise or long computing times. The method presented here
overcomes both of these limitations. Next, the semi-analytical method, which is an intuitive
approach to this modelling, is presented for both linear and parabolic potentials (as men-
tioned, the method is generalized for monotonically increasing/decreasing potentials and can
account for the estimated potential in an IEC device, which is presented in Fig. 4.4). The

results for the linear potential are also derived by applying a Markov Chain approach.

3.3 Semi-analytical method for linear potential

This section will focus on the Hf -Hs (same specie interaction) charge exchange reaction given
in eq. 2.6 since the density of HJ is greatest in hydrogen discharges operating in the units

and tens of mTorr, which is our region of interest. The model will be shown equally to apply
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to the other two interactions (different specie interaction).

After the incident ion undergoes charge exchange, it becomes an energetic neutral and
will be regarded as being lost from the system. Consequently, the newly created cold ion will
then move along the beam and go through the same charge exchange process. The charge
exchange cross-sections are greatly dependent on the incident ion energies. Since we are
desaling with energies that range from zero to the order of 10 keV, the energy distributions
are heavily dependent on the spatial electrostatic potential profile and the background gas
pressure.

Let us assume a total beam length that consists of k segments each with a length of Azx.
The beam consists of an arbitrary discrete distribution of ions, n;, placed at the beginning
of each segment. The normalized distribution can be defined as follows:

F0=[f1 fa - fk] (3.1)
where:
4

I
> m
i=1

In order to simplify further explanations, we define the positions X2 and XZ io be the

(3.2)

fi

positions along the ion beam before and after a segment respectively (e.g. szl is the
position at the beginning of the first segment whereas, XZ_, is the position at the end of the
first segment). The indexes n and m refer to the segments along the beam and since there
are k segments they get the values 1 to k.

The ions comprising the f; densities accelerate from their positions and charge exchange
at different segments along the path. Assuming very small segments, the energy of each ion
undergoing charge exchange in a segment can be approximated to be constant throughout
the segment in which it underwent charge exchange. This energy is defined to be the energy
acquired when accelerating from position X2 to position XZ and is associated with a charge
exchange event in the m segment. It is possible to construct a matrix containing all possible
energies K., such that each element represents the energy acquired when accelerating from

position X2 to position XE:

[ En Fi2 Eis - Ey
¢ Es Ex Esy,
E=| 0 0 Es Esy, (3.3)
o - Ey, |

Note that in each 7 column (when referring to a matrix, the indexes i and j will be used to
represent the rows and columns respectively) of matrix E there are all possible E,,,, energies

for m = j and for n = 1, ..., j, which are associated with ions that have undergone charge
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exchange in the J segment along the beam. In each row there are possible energies for ions
that started accelerating at an Xf:i position and undergone charge exchange at an m = j
segment along the beam.

Next, the fraction of ions charge exchanging in each segment along the path has to be
found. Generally, the fraction of ions (out of an initial density starting the process) charge
exchanging along a path z is given by the expression [10]:

R= N 1 — exp (—nzo (E)) (3.4)
No
where Np is the initial density of ions, N is the density of ions charge exchanging along
the path z, n is the background gas density and o (F) is the charge exchange cross section
corresponding to energy E. In the case discussed here the cross-section is energy dependent
and therefore changes as the ion energy changes in successive segments.

The explicit expression for eq. 3.4 can be found by following the path of the first density
J1 starting at position X 1B and ending at position X ‘E . When going through the first segment
the fraction of ions surviving charge exchange is:

M) = exp(—nAzion) (3.5)

where ¢ corresponds to the energy Fp;. After the surviving M; fraction passes the second

segment, the fraction of ions surviving charge exchange becomes:

My = M exp (—nAzq0i2) (3.6)

where 019 corresponds to the energy Eis. Proceeding in this manner, it is possible to define

M, fractions of ions, which are the surviving fractions of fi after each segment:

My = Msyexp(—nlAzzois) (3.7)

M, = M. exp(—nAzioy)

Note that each M; (for ¢ > 1) is dependent on the previous fraction M;, which leads to

the following expression for the surviving fractions of f; at the end of each segment:

g
My = exp —nz Azxjoy {3.8)
j=1

where g is the current segment number with a range from 1 to k. Consequently, the fraction of

ions out of the initial source f that charge exchange along the path is given by the expression:

R,=1-M, (3.9)
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It is now possible to generalize the above result for the entire Fg distribution of sources
spread along the beam, and for each source express the fraction of ions charge exchanging

while passing any given number of segments in the following expression:

i
Rij=1—exp (—n/_\xZJih) (3.10)

h=i
The index ¢ refers to the f; density comprising the Fg distribution, where j > ¢. The charge
exchange cross section o;, corresponds to the energy F;, and Az is outside the summation
since the segments are of the same length.
From eq. 3.10 the fraction of ions charge exchanging in each segment is expressed as

follows:

FPj = Ryj—Rij1 15> (3.11)
Fj = Ry [j =
Py = 0 |7 <4

The P;; densities correspond to the E;; energies in eq. 3.3 and hence, the F;; elements can
be ordered in matrix P as follows:

P]_]_ P12 P13 e Plk
0 Py Py Py
P = 0 0 Pag Py (3.12)
0 ... Py |

Matrix P contains all the fractions of ions charge exchanging out of the initial Fg distribution.
Each row i presents the fractions charge exchanging out of an f; source. The total fraction

of ions charge exchanging in each segment is the sum of each column of the following matrix:

[ AP1 APw APs - HhPi -‘
0 foPx foPos faPo
P = 0 0 faPs f3Psp, (3.13)
0 JePrr |

Since the charge exchanging ions produce the same amount of new cold ions, the fractions
in eq. 3.13 are also the first generation of new sources of cold ions that can follow the
potential and further charge exchange. Considering that each column in matrix P’ represents

a segment along the beam, the sum of elements in each column represents a new source of ions
1
accelerating forwards. Starting with the source produced in the first column: 5; = Z Py,
g=1

this source will create new sources §jPg; in each segment along the beam (in this notation
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Py; is the second row of matrix P). The source produced in the second column is now:
2

Sy = ZP;Q + S1P2 (the first term is the sum of the second column of matrix P’ and
gq=1

the second term is the additional source created by the previous source S1). The source Sy

creates new sources S2P3; along the beam. The source produced in the third column is:
3
S3 = Z Pé3 + 51P23 + S2 P33 (S5 includes the new sources created by the sources S; and Sy).
g=1

This source will create new sources S3P4;. This chain can be developed to the last segment,
where the following matrix is obtained:

[ APL fiPia fiPi3 fiPu
0 (fa+S1)Pr (fo+S1}Pas - (fa+ S1) P
D= 0 0 (fs+S2) 3 -+ (fs+52) P (3.14)
0 0 (fx+ Sk-1) Per |

In this matrix each row contains the fraction of ions charge exchanging out of the initial source,

which is f,, Pyj;, and the sources resulting from the chain 5,_1P,;. Therefore, the elements
i—1

of the matrix can also be expressed as: Dy; = Pi; (fi + Si—1), where S;_; = Z‘ani‘l {for
q=1

i =1 it is defined that So = 0).

The columns of matrix D store the information of the total fractions of ions charge
exchanging in each segment along the beam. The matrix keeps track of the energy of each
fraction of ions when charge exchanging such that each fraction D;; has an associated energy
E;;. It is possible to derive cumulative and statistical quantities such as the total amount

of ions charge exchanging in each segment and the average ion energy along the beam. Let
k

us define, Ny = Z n;, to be the total initial amount of ions starting the process. The total
i=1
amount of ions charge exchanging in each segment is then:

i
N;=No) Dy (3.15)
i=1
Using the densities of ions as probability weights, the expression for the average energy of

the ions charge exchanging in each segment can be defined as follows:

E;= :‘J— (3.16)
> Dy
i=1

In section 3.2 it was mentioned that the solution for an Fg distribution of ion densities

charge exchanging with the background gas of another specie (two different species interac-

tion) can be obtained from the solution of the one specie interaction, presented above. In the
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case of a two different species interaction the newly created ion is of a different specie to the
initial charge exchanging ion (e.g. if an H* ion specie charge exchanges with Hy background
gas, the newly created specie will be an Hj ion}. Therefore, once the initial ions starting the
process have charge exchanged the process ends for this specific ion specie. We do not further
consider the newly created ions of the background gas specie in this chain. Each row i in
matrix P represents the fraction of ions, out of an initial ion density accelerating from the
beginning of the i segment, that underwent charge exchange in each segment. Consequently,
matrix P is the solution of the two different species interaction, where it replaces matrix D.
Therefore, P;; replaces D;; in eqs. 3.15 and 3.16.

3.4 Markov chains method for a linear potential

It is clear from the previous section that the number of charge exchange events in any partic-
ular segment along a beam path greatly depends on the number of charge exchange reactions
in preceding segments. This is a typical example of a Markov chain, where the outcome of
a particular result is weighted by the previous results. Since Markov chain theory is based
on probabilities {named “transition probabilities”), our problem has to be defined in terms
of these probabilities. Noting that the sum of the elements of a row in matrix P (eq. 3.12)
represents the total fraction of ions that charge exchanged out of an initial ion source f;, for

an infinite path it follows that:

o0
> Py=1

=1
Although matrix P is finite, the P;; elements form subsets of normalized sets of probabilities
and can be interpreted as the appropriate probabilities for the problem.

In this approach a new generation of ion sources that are distributed along the beam
results from a previous generation of sources that had charge exchanged. The initial source
distribution Fy is the first generation of sources in our current problem (defined in eq. 3.1
and formally referred to as the “probability state vector”). Once the sources go through

charge exchange they create the second generation of sources along the beam:

F; =FqP

Note that F; is a vector containing the sum of the columns of matrix P’ (matrix P’ is
defined in eq. 3.13). Matrix P defines the Markov chain process (formally referred to as
the “transition matrix”, where the elements I%; are referred to as the “one step transition
probabilities”).

The first source of ions in the distribution F'; starts the charge exchange process at
position X# (beginning of second segment) where the second source of ions in the distribution
F, starts the charge exchange process at position X. :,‘:3 , etc. The matrix of fractions describing

this process is a sub matrix of P, which takes the form:
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[0 Py Py Py
0 0 Ps Py
™= : .o
0 .- Pix
L O U 0 -

where, T is a shifting matrix that, in general, selects the sub matrices describing the charge

exchange process of each successive Fy distribution and is defined as:

[0 1 0 - 0]
00 1 --- 0
T=|: ot (3.17)
0 .- 0 1
[0 - 0

The Fy distribution (the N’th generation of new sources or equivalently, the total frac-
tion of ions charge exchanging in each segment along the beam resulting from the N -- 1

generation of sources) can be described as follows:

Fn = FoP (TP)V ™ (3.18)

The total fractions of ions produced in each segment for ¥ maximum possible number of

generations, where k is also the number of segments, is:

k
F=) Fn (3.19)
N=1

Note that NgF is the same result obtained by the semi-analytical method in eq. 3.15 and
the two methods converge in their results. As opposed to the semi-analytical method the
expression for the average energy is not straight forwards since the energy variables in eq.
3.3 have to be inserted into eq. 3.18, where eq. 3.18 includes matrix operations. In order to

simplify the notation, a normalizing vector is defined as follows:

r_ a1 1
F = [E A F—k] (3.20)
where the F;’s are the elements of F. The expression for the average energy in each segment
becomes:
k k
E= |Fo ) P(TP)N o (TN“IE)] oF = |3 Fno(TNT'E)| o F (3.21)
N=1 N=1

(S

In this notation “o” represents the Hadamard product of two matrices or two vectors, which
is the multiplication of the corresponding elements in the matrices or vectors (e.g. VoW =
[vlwl vowsy - -- vkwk]). The result of eq. 3.21 is identical to the result of the semi-

analytical method in eq. 3.16.
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Figure 3.1: An illustration of ions going down the potential well in both directions. The
potential height is divided into equal intervals whereas, the segments along the ions path are
unequal. The figure also shows blue-shifted ions moving towards the monochromator and

red-shifted ions moving away from the monochromator.

3.5 Semi-analytical method for a potential well

3.5.1 Charge exchange in a well

The charge exchange process detailed in section 3.2 is general and equally applies to the
potential well case. The main difference between the linear case and the well case is that
in the latter, one has to consider oscillations of the ions in the well (see illustration in Fig.
3.1). Ions charge exchange in the well while creating new sources along the path in the well.
The sources will follow the potential in one of two directions, depending on their position of
creation along the path. Not all ions will undergo charge exchange on their first pass of the
well. As a result, they will oscillate along the path-length of the well until they eventually
all undergo charge exchange.

For the Doppler shift measurements presented in this work the monochromator was
positioned on one side of the cathode. This gives rise to a blue and red shifted spectrum
referring to ions approaching and receding from the monochromator respectively (see Fig.
3.1}. Throughout this section ions travelling towards the monochromator will be referred to
as blue shifted and ions travelling in the opposite direction will be referred to as red shifted.
This will allow a direct comparison of the model results to the experimental results.

There are two modelling approaches to consider: the first is to divide the path-length
along the potential into small unequal segments by dividing the potential height into equal
intervals (equal energy segments). The second is to divide the path-length into small equal
segments, which might force the potential height intervals to be unequal. The former approach
was found to simplify the modelling and therefore is chosen here. The potential height is
divided into & segments having the same AV intervals (here V stands for potential). The
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aim of the modelling is to find the spatial distribution of ion and neutral atom energies for

any given number of oscillations and for any arbitrary ion distribution along the well.

3.5.2 Matrix representation for ion charge exchange

The modelling presented in section 3.3 is now extended for the case of a potential well and
the inclusion of all three charge exchange interactions presented in eq. 2.6. This model refers
to a one dimensional potential well and therefore, the ions will follow the potential in both
directions. Note that the modelling is general and encompasses all functions representing
potentials that monotonically decrease to a minimum and then monotonically increase.

Let us define two matrices: the first contains all possible ions energies (the same as
matrix E in section 3.3), and the second contains all possible fractions of ions {out of the
initial sources placed at the beginning of each segment) that charge exchanged in each segment
along the path of the potential {the same as matrix P in section 3.3).

The potential axis (y-axis in Fig. 3.1) is divided into ¢ intervals of AV increments such
that ¢ x AV is the maximum potential depth. Consequently, the position axis (x-axis in Fig.
3.1) is divided into k = 2 x t segments of Az; length each (note that the Ax; segments may
be of different lengths). As in section 3.3, X.P? and XE (or XBr, XE") refer to a position at
the beginning and at the end of each segment respectively. Since ions accelerate in opposite
directions in the well, the superscripts b and r will be used to refer to an ion motion in
one direction and in the other respectively. For example, from Fig. 3.1, the position axis
was divided into 10 segments. The positions of the ions when traveling in the blue-shifted
direction and passing the beginning of each segment are: X iBb, xBb . X{%b, whereas, the
positions of the ions when traveling in the red-shifted direction and passing the beginning
of each segment are: X7, XP7, ..., XB'. Note that for the motion of the ions in the red-
shifted direction we count the segments starting from the monochromator’s side and vice
versa, therefore, XF¥ = X&r XBb = X" etc.

Starting with the blue-shifted ion motion, constant energies, Ey.,, are assigned to each
Ax; segment. These are defined to be the energies gained when accelerating from the be-
ginning of a segment, Ax;, to the mid point of a segment, Ax;, for i < j. The energies are
ordered in the following matrix:

En By -+ Ey Ey -+ En En |
0 Ep --- Ey Epy --- Eop 0
0 0 - HEy FEy -+ 0 0
E, = : : : : (3.22)
Ey Ey
0
B 0

The indexes of the elements in matrix E, refer to n, m respectively {e.g. the energy Ey; is the

energy gained by accelerating from the beginning of Az segment to the mid of Az; segment,



Chapter 3. Charge Exchange Modelling 40

where n = 1 and m = ¢ respectively). As in the linear potential case, each j column contains
all possible energies for a j segment along the path and each ¢ row contains the energies along
the path of ions that start to accelerate from the 7 segment.

It is now possible to define a matrix containing all fractions of ions charge exchanging in
each segment out of an initial density source of ions starting the process at the beginning of
each segment and that will accelerate in the blue-shifted direction. This matrix has the same

structure as matrix E,

Py P -+ Py Pupr - Py P
0 P oo Py Pyyr -+ Py 0
0 0 - Py Py - 0 0
Pyp=] : : : : (3.23)
Py Pays
0
0 - 0 |

Note that the i’th row in the matrix corresponds to ions accelerating from the X? position.
The quantities P, are found in a similar way to the ones in eq. 3.12. Note that since
the Az; segments are not necessarily of the same length, they have to be included in the

summation in eq. 3.10, resulting in the following:

m
Rom =(1—exp | np ZA-TjUnj (3.24)
j=t
where ng is the number density of the background gas and oy; is the charge exchange cross
section corresponding to the energy En; (note that for E,; = 0, 6,5 = 0). The P, elements
are defined to be:

Py = Rym — Bam—1 (3.25)

where form =1, Ry 1 = 0.

The same procedure is repeated to find the matrices that correspond to the red-shifted
motion of the ions, E; and P,. Note that for ion motion in the red-shifted direction we
number the segments starting from the last to the beginning (e.g. referring to Fig. 3.1,
XBr = x{ XPr = XPP etc.). In this case E, = E; and P, has the same form as P,
but not necessarily equals P,. There is a clear physical interpretation of matrices Py and
P,: for a source of ions starting at XiBb or XiBr position, each element in the 'th row of
the matrices represents the fraction of ions charge exchanging in the j'th segment. The sum
of the elements in each row 7 is the total fraction of ions charge exchanging out of the ion
source starting at position Xt-B‘b or X iB’". Matrices P, and P, are also the Markov transition
matrices used when formalizing the model with the Markov chain method for a potential well

(see section 3.4).
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3.5.3 Distribution matrices

Asin section 3.3, the distribution matrices that account for the charge exchange chain process
have to be found (this is matrix D in section 3.3). Since the ions can oscillate back and forth,
a calculation is required for the fraction of ions charge exchanging in each segment along the
path in the potential well for each half oscillation.

After cach half oscillation a new spatial distribution of ion sources, U} or UZ, is created
along the path (the index p refers to the number of half oscillations). The ions of the U}
digtribution travel in the blue-shifted direction. These ions were initially created: first,
from the ions that had traveled in the red-shifted direction, underwent charge exchange and
produced ions that can return in the blue-shifted direction. Second, from the ions that did
not undergo charge exchange at the end of the potential well, which then return in the blue-
shifted direction. Similarly, ions of the U¥ distribution travel in the red-shifted direction and
result from the ions that had previously traveled in the blue-shifted direction.

Let us assume an arbitrary discrete distribution, U}, along the position axis (x-axis in
Fig. 3.1). We are interested in modelling the chain process in the blue shifted direction.

Following the same procedure described in section 3.3, matrix DY is derived as follows: for
~ all integers j = 1 to j = k, starting with integers i = 1 and running to i = k, (Df)ij =
i-1

(Py)y; ((UP), + Si—1), where S;q = > {D})4:-1 (So= 0 for i =1). The first few columns

g=1
of matrix D} take the form:
[ (Ulj:)1P11 (U§)1P12 (Uf)lpm ]
0 ((UF), + S1) P ((U), + S1) P
0 0 UPY, + So) P
D? = , (U5 + 52) Ps (3.26)
0
0

Note that the P, clements are the elements of matrix P;. Matrix ng stores the fractions of
ions charge exchanging in each segment along the path due to an initial ion distribution U?Y.
The matrix also keeps track of the energy of each fraction of ions when charge exchanging
such that each fraction (D} )ij has an associated energy (Fp),;-

As an explicit example of the chain process, the first and second rows of matrix Df are
developed as follows: all sources placed at be, for n < t (sources that are placed from the
beginning of the first segment to the minimum of the potential), can charge exchange along
the path in the blue shifted direction. Matrix Py describes the fractions of ions out of the
initial sources Ug that charge exchange along the path. Therefore, we insert into matrix Dg
the fractions (U}), (Ps);,
this notation (Uf), is the ¢ element of U} and (P}); is a vector representing the i row of

which are now new sources of cold ions ready to accelerate. In

matrix P,. The new source of ions produced at the first segment (the first column of matrix

D%} will start accelerating while charge exchanging further along the path. The fraction
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of ions charge exchanging out of this source is described in the second row of matrix Pj.

We add to the second row of matrix Dg the resulting new sources Si (Py);_y, where §; =
1

Z (Df)’)i,1 {{(Pp),_, is a vector representing the second row of matrix Pp). In the same
i=1
manner, the source of ions produced at the second segment (sum of the second column) can

further charge exchange, etc. (see section 3.3).
For an arbitrary discrete distribution ,U%, along the position axis (x-axis in Fig. 3.1),
the D¥ matrices are similarly constructed and take the form:

[ (UF), P11 (UF), Pr2 (UF), Pia
0 ((UF)y+ 81) Pre ((UF)y + S1) Pas
0 0 UB)y + S2) P33 -+
DP = ‘ ((UF)3 + 52) P (3.27)
0
L. O -

Note that the P, elements are the elements of matrix P,. Each matrix D? stores the
fractions of ions that underwent charge exchange in each segment along the path due to an
initial ion distribution U¥. Similar to the linear potential case, if the interaction is a two
specie interaction (e.g. HY—H, interaction), matrices Dg , D take the same form as in egs.
3.26 and 3.27 respectively, but setting 5; = 0.

Next, the ion source distribution vectors U? and Ug , resulting from each blue-shifted

and red-shifted half oscillation respectively, are explicitly found,

3.5.4 Spatial ion source distributions

For the ¢ = 1 half oscillation, an initial Uig:l distribution of ion sources has to be defined.
Similar to the linear potential case, ngl is defined such that each density of ions n; is placed

at the beginning of each segment:

Uﬁzli[fl fa oo fk] (3.28)

where:

7

fi= (3.29)

Tk
>
i=1

For p > 1, as a result of the p— 1 half oscillation a new distribution of ion sources U¥ or
Ui’ is produced along the path and will undergo the p half oscillation. The spatial distribution
of ions in UF contain contributions from three different sources, all of which result from the
previous blue-shifted half oscillation. Explicitly, the initial Ug_l ion distribution might have
had ion sources placed at positions _be, for j = ¢ (Xg_bl is the position of the minimum

of the potential). These ions could not have traveled in the blue-shifted direction, however,
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they can now travel in the red-shifted direction. Therefore, these ion sources are placed in

vector Uf.’l in reverse order such that:

U'?l:[(Ug)_l)k (Uf_l)(k—l) (Ug_l)(t+1) 0 - 0] (3.30)

The second distribution of ion sources that can travel in the red-shifted direction results
from ions that traveled in the blue-shifted direction but did not charge exchange. These are
simply a fraction of the first ion source in UP™! (the first element of U2™!) and fractions
of each of the S; sources of matrix Df_l for 1 < j <t (5; are the sum of columns of
matrix Dﬁ_l, defined in section 3.5.3). More explicitly, the fractions of ions that had charge

exchanged along the path (out of the U‘ggl ion sources) are the sum of each row in matrix
k k

k
Pb- DEIlDtiIlg the sum of each row as v = ZPb(l,j)’ vy = Zpb(g,j), —ey Vg == EPb(t,j}r
=1 j=1 i=1
the fraction of ions that had survived charge exchange is: S;_1 (1 — v;). In this notation Sy
is defined o be the first element of the distribution U™, which is (UF™"). - The results
=
are inserted in a row vector,

U, = [So(1—wv1) Si(l—v) .. Sp_p(-w) 0 .. o] (3.31)

The third distribution of ion sources that can travel in the red-shifted direction results
from the ions that have charge exchanged along the path. These are the S; elements of matrix
D‘g—l, for t < j < k. The S; elements are inserted into vector U?; in reverse order, starting

from the S; element:
U =[Sk Sy - Sy 0 - 0] (3.32)

The new U? spatial ion distribution is the sum of the three distributions:

Uf = Upl + UfQ ‘l" UfS (3.33)

T
If the interaction is a two specie interaction (e.g. Ht —H; interaction}, the new cold ions
produced due to charge exchange are not of the same specie, and therefore, when constructing
U?, the expression S¢j-1) (1 — v;) should be replaced by the expression (Ug’ _1) {1 —w;) for
j=1toj=t and Uf = UY, + U%,. ’
In the same way the new distributions Ug (resulting from each previous red shift half

oscillation) are found while using the distribution U%Z_l, matrix P, and matrix Dg_lz

Ul =U, + UL, + UL, (3.34)

Note that for p > 1 oscillations, the vectors Ufl, U‘gl become zero vectors and do not

contribute to U? and Uf respectively.
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3.5.5 Cumulative and statistical properties

Each of the Dig and D? matrices contain the fraction of ions that underwent charge exchange
in the well for each half oscillation, where the columns of the matrices store the fraction of
ions that underwent charge exchange in each segment along the path. Moreover, each fraction
of ions in matrices ng and D? has a corresponding energy in matrices Ep and E, respectively.

The distribution of the total fraction of ions that underwent charge exchange along the
path for the blue-shift motion and for a ¢ number of half oscillations is:

D!, = Z D? (3.35)
p=odd

whereas, the distribution of the total fraction of ions that underwent charge exchange along

the path for the red-shifted motion and for a ¢ number of half oscillations is:
q
> DE (3.36)
p=ecven

The average energy of the ions in each segment along the path for the blue-shifted or
red-shifted motions is:

Z( b/rT) (Eb/r)

(Eb/r)j == A (3'37)

> (Pir),

i=1

where the indexes b/r refer to the blue-shifted or red-shifted motions, respectively. We also
define an expression for the total average energy of the blue-shifted and red-shifted directions

in each segment:

k
Z [ )Z_j' Eb) ( )i,k~j+1 (Er)z',k—j+1]

(Foir), =
S8+ (P2, sy
i=1

(3.38)

where in this expression we consider that the numbering of the Azx; segments in matrix Di

is reversed in relation to the segments of matrix D].

3.6 Model based programs

3.6.1 Programs

The semi-analytical approach was used for charge exchange modelling, where the electric field
is uniform along the beam path and will be compared to Monte Carlo modelling. Programs

based on the semi-analytical approach were constructed also for the potential well case.
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Figure 3.2: The charge exchange cross sections as a function of energy for the three ionic
species H*, HJ and HF. The data was taken from two independent sources [11,12], where
one source of data is for energies in the range of 107% — 10 keV and the other is for energies
larger than 10 keV.

Six programs, one for each of the three charge exchange reactions (see eq. 2.6) and for
the two cases of the linear potential and potential well, were structured using MATLAB.
Each program included the appropriate mass, charge and charge exchange cross sections.
The variable parameters were background gas pressure, shape of the potential and ion source
distribution.

The numerical results of the programs strongly depend on the charge exchange cross
sections. Figure 3.2 presents the experimental charge exchange cross sections used for the
three dominant ionic species H*, HJ and H?T [11,12]. The plot shows a log-linear relationship
between the cross section and energy. The x axis was logarithmically scaled so that every
value on the z axis corresponds to an energy of 10 to the power of that value, in units of eV.
Note that the data in the plot was taken from two independent sources. One source of data
is for energies in the range of 10~% — 10 keV and the other is for energies larger than 10 keV.
this accounts for the sudden jump of the cross section at 10 keV for the H;’ specie.

Verification of the reliability of the programs was carried out by using different compu-

tational approaches given in the following section.
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3.6.2 The semi-analytical method in comparison to Monte Carlo simula-
tions

Monte Carlo simulations are considered a standard approach when modelling the charge
exchange process. Khachan [13] had used the Monte Carlo approach to model charge exchange
for an H; hydrogen ion beam accelerating in a hydrogen background gas due to a linear
potential. Similar to the semi-analytical method, the beam length was divided into segments
and all ions were started at the beginning of the first segment. A potential difference was
applied between the start and end points of the beam. As a result, the electric field across
these two points was constant. Although the theory presented above can address much more
complex spatial potential distributions with arbitrary ion starting positions, the simplest
case is explored where ions start in the first segment since it applies to certain types of
hollow cathode glow discharges that produce hydrogen ion beams (including the IEC device
presented in Figs. 2.1, 2.2). Moreover, the acceleration region between the anode and cathode
can be approximated to have a constant electric field. H;“ is the most abundant specie in
these discharges [14, 15], therefore, this discussion focuses on the H;—Hz charge exchange
interaction.

The basic procedure for the Monte Carlo modelling was to accelerate the ions starting
from the first segment, one at a time. The ion energy was calculated from the change in
potential, which enabled the charge exchange cross-sections to be determined from tables
given by Phelps {11] and have been reproduced in Fig. 3.2. The charge exchange probability,
P, was then determined from P = 1 — exp(—noAx), where n is the number density of the
background gas, ¢ is the charge exchange cross-section, and Az is the length of a segment. A
random number is then generated and if it falls within this probability, then charge exchange
is considered to have taken place. As a result, the energy of the resulting neutral is stored for
that segment, and a new ion is started from rest at that position. This ion is again followed
along the remainder of the beam and the whole process is repeated until the end of the beam
length is reached. This process is repeated for another ion starting from the first segment.
With increasing number of ions, a tally is obtained of the average energy of ions that have
undergone charge exchange in each segment. This enabled a comparison to be made with _Ej
given in eq. 3.16.

The results of the Monte Carlo modelling are presenting in Fig. 3.3, where a beam path
of 10 cm was used for background Hy gas pressures of 1, 5, 10, 20 and 30 mTorr. A voltage
of 10 kV was applied across the beam path length.

The same conditions were used for the semi-analytical modelling, presented in Fig. 3.4.
Clearly the results of the two methods are identical, notwithstanding the numerical noise in
the Monte Carlo results, where 10 ions were used. There was a stark difference in compu-
tational time for each of these results, where the semi-analytical results took in the order
of seconds to complete for 100 segments, whereas the Monte Carlo approach required in the
order of 10 minutes for 50 segments for the same microprocessor (Pentium 4) and computing
language (MATLAB).
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Figure 3.3: Monte Carlo simulations for an Hi + Hy charge exchange interaction and for a

linear potential. The average energy is given as a function of distance from an anode. The

voltage across the 10 cm beam was set to 10 kV while varying the pressures between 1 mTorr
and 30 mTorr.
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Figure 3.4: Average ion energy versus distance from the anode using the semi-analytical
approach for the same conditions as in Fig. 3.3.
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Figure 3.5: Average ion energy versus distance from the anode at a pressure of 20 mTorr for
1, 2,3, 4 and 5 kV across 10 ¢cm of beam length.

The computing superiority of the semi-analytical approach aside, note that the average
ion energy reaches a limiting value with increasing pressure. It is shown in Fig. 4.8 that the
value of this average energy limit is roughly at the same percentage of the applied potential

for the same pressure.

3.7 Summary

An intuitive method (“semi-analytical”) for modelling the charge exchange process of hydro-
gen ion beams has bean developed as an alternative to a Monte Carlo method. Moreover, a
Markov chain approach was used and was shown to agree with the semi-analytical method.
The modelling was carried out for the general cases of monotonic increasing (or decreas-
ing) potentials, which include the linear potential and potential well. The semi-analytical
method was applied to hydrogen ions accelerating in a linear potential in a background Hs
gas and compared with a Monte Carlo simulation. It was found that the advantage of the
semi-analytical method was the rapid computing time without any numerical noise. The
method can easily be applied to many systems where charge exchange is dominant, and
further applied to other processes providing they have similar chain properties.

This chapter, in addition to the second chapter, present all the necessary experimental
and theoretical background material for the analysis of spectroscopic measurements presented
in the following chapters. The models are used to predict spatial energy distributions, re-
construct spectra, estimate confinement time and neutron production rates for IEC systems

operating in the units of mTorr region.
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Chapter 4

Spectrum Analysis and Model
Applications

In this chapter the charge exchange model is used to explain the observed Doppler shift spec-
tral broadening. Furthermore, other applications of the model are presented. The chapter
opens with the presentation of a new phenomenon, which is the divergence of neutral atoms
from the cathode. This phenomenon is responsible for the dominant blue-shifted wing ob-
served in the spectra, where the wing was simulated with the charge exchange model. Since
the spectra also show a less significant red-shifted wing, the model was then used also to
account for this. Last, two other applications of the model are presented relating to high

pressure discharge systems and to IEC confinement time estimations.

4.1 Motivation

An experimental result has been found and gives rise to an hypothesis that challenges the
conventional view of the operation of IEC (when operating in the mTorr regime). The
conventional view of operation is of ions converging to the cathode centre. High fluxes of
neutral atoms were found to diverge from the cathode, where the hypothesis states that the
ions originate in the cathode centre [1-3]. The semi-analytical method (described in chapter
3} has been applied to a potential well while accounting for the charge exchange process in the
entire well region. The model, together with the application of the experimental result, was
used to reconstruct the blue-shifted distribution in spectra taken with IEC devices operating
in the units and tens of mTorr pressure range.

The spectra also show a fainter red-shfited component implying that smaller densities
of neutral atoms converge to the cathode. Since a discharge exists between the cathode and
anode, ions are produced along the cathode to anode path., The model is used to reconstruct
the red-shifted distribution in the spectra while approximating the potential between the
anode and cathode to be linear (the potential extends to a longer distance than the maximum
collision pathlength for the experimental conditions).

In addition, energy distributions resulting from the model were used to demonstrate
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Figure 4.1: Measurements taken along the channel, at 30° relative to the monochromator,
in intervals of 2 cm, starting from 1 cm from the cathode’s edge. The spectra are displaced

vertically with respect to each other, showing the dominance of the blue-shifted wing.

spectrum reconstruction for high pressure discharge systems (hundreds of mTorr). As a last
application, the model was used to estimate confinement time in IEC devices operating in

the units and tens of mTorr pressure range.

4.2 The “blue shift” phenomenon

4.2.1 Neutral atom divergence from the cathode

The main principles of IEC are convergence of ions to the cathode centre and confinement
of the ions in a potential well. Figure 2.8 (chapter 2) presents a typical spectrum, observed
at 0° relative to the beam (channel), where the lens imaged the cathode centre onto the
monochromator’s slit. Considering line integration effects, the spectrum was found to re-
flect the distribution of wavelength shifts in the entire cathode region. The blue shifted
side (negative wavelength shifts) and the red shifted side (positive wavelength shifts) were
found to be symmetric around the unshifted peak. These results can be explained with the
above-mentioned principles, where ions converging to the cathode undergo charge exchange,
resulting in emission from excited neutrals in the cathode region. The symmetry of the appa-
ratus gives rise to the symmetry in the Doppler shift (the wings on both sides of the unshifted
peak).

Measurements of ion energies along the beam (from the cathode edge to anode} were
carried out at an observation angle of 30° relative to the beam. As a result of the cosé
factor (see eq. 2.7, chapter 2), the wings moved towards the unshifted peak. Nevertheless,
in most cases it was clearly possible to identify the positions of the second and third peaks
(representing the HJ and H* species respectively). Figure 4.1 presents measurements taken
along the beam in intervals of 2 cm, starting 1 cm from the cathode edge and moving towards

the anode. The measurements were taken for an applied cathode voltage of —7 kV and for
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Figure 4.2: 'Two spectra taken 8 cm away from the centre of cathode showing the dominance
of the blue-shifted wing. The upper and lower spectra were obtained at (° and 30° angles,

respectively, relative to the beam.,

a pressure of 15 mTorr. For comparison, the spectra are displaced vertically with respect to
each other.

It is clear that the blue-shifted wing now dominates the spectra, with a great reduction
in the intensity of the red-shifted wing. Since the scan is outside of the cathode region, it
is assumed that a higher density of neutrals are streaming in one direction. The cathode
is tilted at 30° relative to the monochromator, such that the beam on the one side of the
cathode is closer to the monochromator than the other. The spectra were recorded from the
beam closer to the monochromator, which implies that neutral atoms are streaming towards
the monochromator, away from the cathode (blue-shifted neutrals).

Figure 4.2 further supports the phenomenon. The two spectra were taken 8 cm from the
cathode centre, along the beam. In both cases the anode-to-cathode distance was set to 16
cm and pressure was 20 mTorr. The upper spectrum was taken when the beam was aligned
at 0° relative to the monochromator while applying a cathode voltage of —4.2 kV. The lower
spectrum was recorded at 30° relative to the beam and for a cathode voltage of —5 kV. The
upper spectrum was obtained by ensuring that the region in focus on the monochromator’s
slit was 8 cm from the cathode centre. As a result it was expected to be asymmetric (as
opposed to the spectra taken while focussing on the centre of cathode), which is clearly seen
in the figure.

The apparatus is symmetric about the cathode. Therefore, if a spectrum is taken at 30°

angle relative to the beam but from the opposite beam (the beam further away from the
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Figure 4.3: Two spectra taken 8 cm away from the centre of cathode showing the dominance
of the blue-shifted wing. The upper and lower spectra were obtained at 0° and 30° angles,

respectively, relative to the beam.

monochromator), the red-shifted wing should be the dominant. Figure 4.3 shows two spectra
taken while focusing on the two beams, 5 ¢m from each edge of the cathode. The upper
plot represents the beam closer to the monochromator and vice versa. The anodes were each
placed 16 cm from the cathode center, pressure was set to 20 mTorr and a cathode voltage
of —5 kV was applied. Clearly, the two spectra imply that neutrals are diverging from the

cathode towards the anodes.

4.2.2 Hypothesis: ions originating in the cathode centre

The basic principle of IEC is to produce a cylindrically or spherically symmetric electrostatic
potential well that accelerates and converges ballistic positive ions to produce fusion reac-
tions. While this concept may be valid for high vacuum conditions [4-9], in reality many
contemporary IEC machines are operated in the units to tens of mTorr pressure range [10]
where gaseous discharge physics is dominant. Nevertheless, it has been demonstrated that
nuclear fusion reaction rates in deuterium are typically ~ 107 s™! for input powers of several
hundred Watts (a factor of 100 higher for a 50% tritium mixture) [10]. Moreover, it has also
been shown that this is due to the collision of deuterium beams with the background gas [11]
rather than beam-beam collisions. A possible explanation for the blue shift could be that
ions approaching the cathode from the other side of the cathode undergo charge exchange
become excited neutrals. These pass through the cathode and de-excite while approaching

the monochromator, thereby producing the dominant blue shifted wing in the spectrum. The
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H, line results from several transitions. The slowest transition is from the 3s — 2p states and
is ~ 0.5 us while the fastest transition is from the 3d — 2p states and is ~ 16 ns. Assuming an
energy of 1 kV, some of the excited H* will de-excite through the 3s-- 2p transition along a 20
cm path [1]. Therefore, when focusing on some part of the beam closer to the monochromator
it is possible to receive the emission of these excited atoms.

However, it has been found that a potential well is established between the cathode center
and anode, where a minimum is found at the cathode edge (a virtual anode is established in
the cathode) [12,13]. This gives rise to a steep potential drop extending between the cathode
center and edge (see Fig. 4.4). An hypothesis, challenging the conventional view of IEC
device operation, suggests that a significant density of ions originate at the cathode center
and diverge outwards. The ions charge exchange and become energetic neutral atoms that
exit the cathode interior and travel toward the anode. It is suggested that this is due to
electron emission from the inner surface of the cathode which converges to the center, where
a plasma is generated and a space charge produces an electric field that is directed away from
the center ( [14-16]). Therefore, IEC devices operating in the gaseous discharge regime could
be considered a type of hollow cathode discharge. This is also suggested in the qualitative
measurements presented in Fig. 4.1, where the red-shifted wavelength distribution does not
vary much along the beam. This implies that most of the neutral energy distribution is
established in the cathode region (note that the potential has a minimum at the cathode
edge such that ions within the cathode must accelerate out of the cathode and vice versa).

Attempts were made to verify the hypothesis, by trying to eliminate one of the beams
by blocking one cathode entrance with glass. The glass became an anode and a short beam
was formed between the cathode center and the glass. Removing one anode from the system
did not block the beam either, since the wall of the chamber became an anode and a beam
was formed between the cathode center and the wall.

A non-intrusive measurement was carried out with the aim of tracing the origin of the
neutral atoms by determining their energy distribution for different ion path-lengths. The
anodes were placed at different distances from the cathode, where spectra were obtained
at 0° relative to the beam while focusing on the cathode center. It was assumed that the
neutral energy distribution of the ions that charge exchanged should change for different ion
path-lengths. If the ions were to travel from the anode to the cathode centre, the spectrum
should reflect different distributions for different anode-to-cathode distances. However, if
the ions diverge from the centre of cathode outwards, no changes in the spectrum shape is
expected (since the potential has a minimum at the cathode’s edge and the cathode size is
a constant, which does not depend on the anodes placement}. The spectra did not show
any change for different anode-to-cathode distances (these measurements are presented in
chapter 5 in relation to scaling laws). This evidence by itself is not conclusive and is not
sufficient, however, other work was found to strongly support this hypothesis; these include
measurements of dusty plasma (2], a thruster that was build on the basis of the hypothesis [3]

and other spectroscopic measurements carried out on IEC devices [1].
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Figure 4.4: Measurements of the potential from Khachan et al. [12] (marked with “+”). The
x axis represents distances measured from the cathode centre. The cathode was 2 cm long
(the cathode edge is marked with a vertical line), the applied cathode voltage was —2 kV
and pressure was 5 mTorr. The analytical function that was fitted to the data is represented

by the continuous line.

4.3 The blue-shifted distribution in the spectrum

4.3.1 Ion and neutral energy distributions in the potential well

Energy distributions for ions and neutrals in a potential well were calculated for both spatially
uniform and non-uniform ion distributions. These distributions were used to reconstruct the
blue-shifted part of the spectra. The energy distributions were obtained from matrices Ey,
D}, and E,, D?,. (see chapter 3), where the fractions of ions having the same energies were
summed to give the intensities. Note that matrices Ey and E, contain the energies of the
parent ions, which had charge exchanged. The energies of the neutral H atoms can easily be
obtained by dividing the ion energies by the ratio of the mass of the parent ion to the mass of
the neutral atom, as mentioned in chapter 2. Furthermore, the distributions of ion energies
are for the entire well and not for different positions along the well.

In gridded IEC devices independent experiments suggest that a potential well is estab-
lished between the cathode centre and the anode [12,13]. The shape of the potential measured
by Khachan et al. [12] was fitted to an analytical function and used in the simulations de-
scribed in chapter 3. The measurement was obtained for an applied cathode voltage of —2
kV and for a pressure of 5 mTorr, where the measured potential (marked with “+”) and the
analytical function (continuous line) are presented in Fig. 4.4. It is clear that the potential
reaches zero at ~ 0.68 of the total path and that the potential has a minimum at the cath-
ode edge. Similar results were independently obtained in other work [13] and therefore, the

potential depth and the position of the minimum of the potential were made to vary while
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Figure 4.5: A local ion source used in the simulation resulting in energy distributions for the
Ht, H; and Hg’ species and for pressures of 1, 5, 10, 20 and 30 mTorr. The total width of
the potential well (having the shape of the well in Fig. 4.4) was set to 16 cm. The potential
depth was set to —2.5 kV and the minimum in the potential was positioned at 2.5 cm of the

width of the potential. Note that the distributions are for the blue-shifted motions only.

maintaining these conditions. In the experimental set-up presented in Fig. 2.2 the cathode
half length was ~ 2.5 cm and therefore, the potential minimum was set at that distance in
the simulation. The experimental result, presented in Fig. 4.4, shows that the depth of the
potential is ~ 25 % of the total applied cathode voltage with respect to the potential at the
cathode centre. Following this experimental result, the depth of the potential used in the
simulation was —2.5 kV (that is for —10 kV applied on the cathode). Hereafter, we define
the maximum potential depth to be the potential difference between the cathode centre and
the potential well minimum.

Figure 4.5 presents results of energy distributions for a potential well and for a local ion
density positioned at the top of the well, which is at the centre of cathode. The ions were
started at the beginning of the first segment, which in this case represents the position of the
centre of cathode. The local ion density starting the process was normalized to 1/m?. For
each specie (marked in the figure) there are 5 distributions corresponding to input pressures
of 1, 5, 10, 20 and 30 mTorr. The simulation was stopped after 10 oscillations (the process
damps after ~ 4 oscillations and the distributions do not change). However, the distributions
are constructed from matrices E; and DgT, representing only the blue-shifted motion in the
well.

From Fig. 4.5, it is clear that the intensities are higher for the higher ion energies.
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Figure 4.6: Ion energy distributions for H*, H:{ and Hg for the same pressure ranges as
those in Fig. 4.5 but using a uniform ion source distribution within the potential well region

(having the shape of the well presented in Fig. 4.4).

However, note that the H:?" specie distributions differ from the H*, H} species distributions.
This is due to the many low energy neutral atoms produced in the Hg‘ +H; interaction.
Consequently, the intensity of the lower energies is enhanced.

The distributions presented in Fig. 4.5 result from an ion source placed at the top of the
potential, at the cathode centre. Consequently, it is assumed that the highest ion density is
localized at the centre, which has been supported by experiment. Another scenario is where
the ion density is not sharply peaked at the centre or the discharge along the path is dominant
and a distribution of ion sources is created along the path. As a first approximation, a uniform
distribution of ion sources along the path was assumed.

Figure 4.6 presents the resulting distributions for the same conditions as of Fig. 4.5, but
for a spatially uniform ion source distribution along the path {as seen in Fig. 4.4, the ion
path ranges from the cathode centre to the minimum in the well and out to a radial distance
at which the potential equals the central potential). Note that the distributions of the three
species in Fig. 4.6 are different to those of Fig. 4.5. In contrast to the results in Fig. 4.5,
the maximum intensities now occur at the lower energy range for H* and H; In particular,
the intensity peak occurs at ~ 40% of the maximum possible energy that can be gained from
the potential well depth. However, the intensity for the H;' reaction decreases monotonically
with increasing energies.

As a second order approximation for the discharge, a linearly increasing density distri-
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bution of ion sources along the path was used, which showed similar results to the uniform
distribution (the peaks slightly shifted to lower energies).

4.3.2 Spectrum reconstruction

The blue-shifted spectrum (such as the blue-shifted wing presented in Fig. 4.2) has been
simulated by modelling the ion motion in a potential well.

The spectrum presented in Fig. 2.6 (chapter 2} was obtained with the same IEC device
used for the measurements of the potential presented in Fig. 4.4, where the measurements
were taken by Khachan et al. [12,17]. The apparatus produced two colinear and opposing
beams, similar to the beams produced by the apparatus shown in Fig. 2.1. The modelling
was carried out for the three interactions (HT+ Ha, H;’ + Hy, Hg’+ H,) for conditions that
were also used experimentally. The cathode to anode distance was 8 cm. The minimum of
the potential was set at 1 cm distance since the potential has a minimum at the cathode
entrance (cathode was 2 cm long). The potential was set to approach zero at ~ 0.68 of the
total anode-to-cathode distance {see Fig. 4.4). The neutral atoms maximum energy was
found to be 25% of the applied cathode voltage [12,17]. Therefore, the potential depth (with
respect to the potential at the cathode centre) was set to —0.5 kV, which is 25% of the applied
cathode voltage. Pressure was set to 5 mTorr and an initial density of Ny ions was placed
at the top of the potential, at the cathode centre. Note that the spectrum in Fig. 2.6 was
obtained for a cathode voltage of —4 kV, whereas the potential used for the modelling was
the measured potential presented in Fig. 4.4, which was obtained for a cathode voltage of
—2 kV. This does not affect the spectrum line shape, which was experimentally found to be
similar for applied cathode voltages in the range of 1 — 10 kV [12,17]. However, the peaks of
the wing shift further away from the unshifted peak for increasing voltages.

The three resulting energy distributions (for each specie) were found to be similar in
shape to the distributions presented in Fig. 4.5. The reconstruction of the spectrum is based
on the resulting energy and density distributions obtained in matrices Eg, DgT respectively
(see chapter 3), where the energies were converted to wavelength shifts. The wavelength
scale in the simulations was divided at most into 0.5 A segments (in most case the segments
were made smaller than 0.5 A), which was also the resolution of the monochromator. These
segments shall be referred to as “bins”. The densities in each bin were accumulated to give
the total density for a bin. We regard this density as the density of neutrals at an average
wavelength shift represented by the position of the bin. A Lorentzian was used to approximate
the central unshifted peak, where the half-width was set equal to the experimental half-width.

Figure 4.5 shows that the total density of charge exchanging ions is largest for the Hy
specie and smallest for the H;’ specie (this is for the same initial ion density starting the
process). However, for the range of energies of units of keV the H, excitation cross-sections
are largest for the H;’ specie and smallest for the H' specie [18]. Moreover, the density of
the HI specie was estimated to be larger than the densities of the other two species [17].

This accounts for the relative intensities of the peaks of the spectrum presented in Fig. 2.6.
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Figure 4.7: A simulation of the spectrum shown in Fig. 2.6.

Since we do not have information of the initial relative densities of the three ionic species
starting the process, in the reconstruction the densities were scaled so that the three peaks
(representing the three ionic species) had the same ratio as the experimental relative intensity
of the peaks.

The results are presented in Fig. 4.7. The shape of the theoretical spectrum is found to be
in good agreement with the experimental spectrum shown in Fig. 2.6. The Hi distributions
given in Fig. 4.5 have the shape of a flat well where the intensity steeply increases at low
and high energies. Consequently, this distribution fills the gap between the unshifted and
first peak and is also responsible for the second peak. The H* and H;‘ distributions are most
intense at the highest energy and are responsible for the third and first peaks, respectively.

In previous work it has been found that the energy of all three species is the same and
corresponds to the maximum potential depth [12,17]. The distributions presented in Fig.
4.5 illustrate these experimental findings, where it is evident that the energies corresponding
to the three peaks are equal and are also the maximum energies allowed by the depth of
the potential well. Any inconsistencies that appear between the simulated and experimental
spectra can be attributed to simplifying assumptions; In practice the ion source distribution
is not a point like source, the beam might have a slight angular spread, tons are accelerated
in the cathode region towards the cathode surface in all directions via the sheath, and there
are neutral atoms coming through from the well on the other side of the cathode. These can
be responsible for peak broadening.

Next is a spectrum reconstruction that further considers the complexity of the spectrum,

which results from the ion oscillation motion in the well. The spectra shown in Fig. 4.2 were
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Figure 4.8: An illustration of the blue and red shifted motions in the two wells. The blue-
shifted distribution in the experimental spectrum results from the blue-shifted motion of the
ions in both wells A and B. Furthermore, the blue-shifted neutral atom distribution resulting

from well B is the same as the red-shifted neutral atom distribution resulting from well A.

obtained with the experimental set-up described in chapter 2 (the experimental conditions
are detailed in section 4.2.1). Here we refer to the upper spectrum in the figure, where the
beam was aligned at (° relative to the monochromator while focussing a region of the beam
on the monochromator’s slit, 8 cin away from the cathode center. Energy measurements show
that the ions gained a maximum energy equivalent to ~ 60% of the applied cathode voltage
(the detailed analysis is presented in chapter 5). Therefore, a potential depth of 60% of the
applied cathode voltage was used in the simulation. Since the cathode was 5.5 cm long and
the minimum in the potential is assumed to be found near the cathode edge, the minimum
in the potential was set at a distance of 2.5 cm.

Each of the two wells in the cathode is ~ 5 ¢m long and the neutral atom energy
distribution is established within this range. The ions are trapped in the wells until they
charge exchange and escape the cathode as neutral atoms, either towards or away from
the monochromator. Fig. 4.8 illustrates the blue and red shifted ion motion in the two
wells (the closer well to the monochromator is marked “A” and the other is marked “B”).
The observed region on the beam was out of the cathode, far from the minimum of the
potential position. Therefore, the red-shifted distribution in the spectrum does not result
from the emission of neutral atoms escaping the wells from the cathode region. However,
the blue-shifted distribution originates from neutral atoms escaping both wells A and B in
the monochromator’s direction (see Fig. 4.8). Furthermore, the blue-shifted neutral atom
distribution resulting from well “B” is identical to the red-shifted neutral atom distribution
resulting from well “A”. This allows for the use of one well for the reconstruction, where the
blue-shifted and red-shifted energy distributions are superposed.

The reconstruction follows the same procedure previously described, however, in this
case, matrices Ey, DgT, E, and DgT were used. The results are presented in the upper plot

of Fig. 4.9, where the simulated spectrum illustrates the superposition of the blue-shifted
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Figure 4.9: The upper plot presents the simulated spectrum for the experimental conditions
used to obtain the experimental spectrum shown in the lower plot. The plot illustrates the
superposition of the blue-shifted and red-shifted distributions in the potential well.

and red-shifted energy distributions. The lower plot presents the experimental spectrum.

The blue-shifted and red-shifted wings in the reconstruction are the accumulated distri-
butions in the well for 10 oscillations (assuming a steady state). They refer to the blue and
red shifted ion motion in the well, respectively (note that the red-shifted distribution in the
reconstruction is for well “A” and is the same as the blue-shifted neutral atom distribution
resulting from well “B”. This distribution is not the red-shifted distribution of the exper-
imental spectrum). The asymmetry between the two distributions is a consequence of the
point ion source being placed at the cathode centre (it is expected that the two resulting
distributions will be relatively symmetric for a uniform ion source distribution in the well).

The superposition of the two distributions (marked in the figure as “Blue+Red”) clearly
agrees with the experimental blue-shifted side of the specirum shown in Fig. 4.9. An addi-
tional peak appears in the gap between the unshifted and the peak representing the H;“ specie.
The gas pressure is relatively high (20 mTorr), where Fig. 4.5 shows that with increasing
pressure the low energies resulting from the H;‘—i- Hy interaction become more dominant in
intensity. Furthermore, the potential pathlength is relatively long (5 cm), and consequently,
many lower energy neutral atoms are created. It is also evident that the red-shifted distri-
bution (representing neutral atoms drifting towards the monochromator from well B), when
superposed on the blue-shifted distribution, increases the total intensity of the lower energy
range.

Note that the three species distributions are broadened and difficult to resolve from one
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another in the experimental spectrum. As mentioned in the previous case, this might result
from the complexity of the system, where the ion source distribution is not a point like source,
the beam might have a slight angular spread and ions are accelerated in the cathode region

towards the cathode surface in all directions via the sheath.

4.4 The red-shifted distribution in the spectrum

4.4.1 Linear potential approximation and ion energy distributions

Although the blue-shifted distribution was found to be dominant (implying that high densities
of neutral atoms are diverging from the cathode), spectra taken out of the cathode region
(between the cathode and anode) also show a fainter red-shifted distribution (see Fig. 4.2).
This distribution results from neutral atoms converging to the cathode. It is possible to
explain the experimental findings while assuming a discharge along the anode-to-cathode
path. This can be approximated in the model with a distribution of ion sources placed along
the anode-to-cathode path. Moreover, as seen in Fig. 4.4 the potential drop from the anode
to the edge of the cathode can be approximated to be linear. Ions that are created between
the cathode and anode will follow the potential in the cathodes direction.

Here energy distributions for a linear potential are presented while considering a uniform
distribution along the path and a local ion density distribution near the anode. Following
the same procedure described in section 4.3.1, the energy distributions were obtained from
matrices E and I (see chapter 3).

Figure 4.10 presents energy distributions resulting from the programs for a linear po-
tential and for a local ion density distribution. The ions were made to start accelerating
from the beginning of the first segment. For each specie {marked in the figure) there are 5
distributions, corresponding to input pressures of 1, 5, 10, 20 and 30 mTorr. The total ion
path was set to 16 cm and the potential was set to —10 kV across the entire path (this is an
accelerating electric field of 10,000/0.16 V/m due to a cathode voltage of —10 kV).

Since the initial ion density distribution is normalized, all densities in the energy dis-
tribution are expressed as a fraction of the initial ion density distribution (e.g. if there are
Ny ions starting the process, a density of 0.5 suggests that half of the Ny ions have some
corresponding energy). Moreover, it is possible to have density values larger than one. The
initial ions starting the process might have all undergone charge exchange while creating the
same amount of cold ions along the ions path. These ions undergo charge exchange and
create more cold ions, etc. The process ends when ions are created only in the last segment.
In this case, the total amount of ions that undergone charge exchange exceeds the number of
ions starting the process. An increase in pressure increases the collision frequency and as a
result the peak density rises with pressure for all three species. The H} specie distributions
monotonically decrease in density with increasing energies. This is caused by the “one specie
interaction”: the initial charge exchanging H; ions produce the same amount of cold H}

ions along the path. These further undergo charge exchange and create more ions along the



Chapter 4. Spectrum Analysis and Model Applications 63

0.035 T T T T 05 T T T T 0.02
H 30mTorr HY
0.45} 2 1 oot S
Q03
C.4 4 0016} 1
20mTom
0.025} 0.35 1 0014f 1
o 0.012
£ 1 o012}
E 0.02F
.g. 4 p.01}F 10mTon
@
]
o 0015
c 4 o0.008 .
L=
00 1 o6 il
4 0004
0.005
4 0002 imTarr
b L )

024sa1ooz4éé1u
Energy (kV)

Figure 4.10: Energy distributions resulting from the simulations for a point ion densily
distribution placed at the beginning of the first increment for a linear potential. 5 energy
distributions are shown for each of the HT, H;’ and H; species and for pressures of 1, 5, 10,
20 and 30 mTorr. The total ion path was set to 16 cm, where —10 kV were applied on the
total path.
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Figure 4.11: Energy distributions for the same ionic species and for the same conditions as
in Fig. 4.10 (for a linear potential), but for a uniform ion density distribution along the ion

path-length.

path, etc. However, each new generation of cold ions is created closer to the last segment,
and therefore, the total number of low energy neutral atoms is greater than the number of
high energy neutral atoms. The differences between the H* and H;’ species distributions are
mainly due to the differences in the charge exchange cross sections.

Figure 4.11 presents the distributions for the same parameters of those in Fig. 4.10, but
for a uniform spatial ion density distribution along the path. The energy distributions shown
in Fig. 4.11 are similar in shape to the energy distributions presented in Fig. 4.10. In this
case more ions of lower energies are created along the path and the total number of neutral
atoms that is created in the process is smaller. Consequently, in Fig. 4.11 the density peaks
slightly drop and slightly shift to the lower energy range, in comparison to Fig. 4.10.

4.4.2 Spectrum reconstruction

Figure 4.12 shows measured spectra at several positions along the beam, outside the cathode
region, at 30° angle relative to the beam. The measurements were taken with the experimental
set-up presented in Fig. 2.1, where the cathode voltage was set to —6 kV, pressure to 20 mTorr
and anode-to-cathode distance to 16 em (these are similar measurements to those presented
in Fig. 4.1 but for different pressure and voltage). The distances stated in the figure were
measured from the cathode edge. The unshifted peaks in the spectra were normalized based

on experimental results obtained by John Kipritidis ! and taken with the same experimental

!"The author thanks John Kipritidis for supplying these results.
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Figure 4.12: Measured spectra along the beam at 30° relative to the beam out of the cathode
region. Cathode voltage was set to —6 kV, pressure to 20 mTorr and anode-to-cathode
distance to 16 cm. The distances stated in the figure are measured from the cathode edge.

apparatus. For these measurements the device was operated at a cathode voltage of -9
kV, at pressure of 10 mTorr, at anode-to-cathode distance of 11 cm and for an observation
angle of 90° relative to the beam. Figure 4.13 shows the intensity of the unshifted peak
for Balmer o and [ emissions as a function of distance, starting from the cathode edge to
approximately half the anode-to-cathode distance. The experimental results were estimated
with an analytical function, allowing for an extrapolation to the entire anode-to-cathode
distance. The intensities of the main unshifted peaks of the spectra shown in Fig. 4.12
were scaled with the analytical function. Note that the normalization only scales the spectra
relative to one another and does not affect the reconstruction in any way.

Here we refer to the red-shifted wings in the spectra, which implies that neutral atoms
are moving towards the cathode. This could partially be explained by blue-shifted neutral
atoms that are reflected from the chamber’s wall in the opposite direction. However, the
red-shifted wing resulting from the reflection should decrease in intensity when moving from
the anode towards the cathode, which is counter to the experimental results presented in
Fig. 4.12. Considering that electrons accelerate out of the cathode, towards the anode, a
discharge is formed between the cathode and anode (this is also suggested by the appearance
of the unshifted peak along the path, which implies that background gas excitation and
ionization take place). Since the potential has a minimum at the cathode edge, the ions
created outside the cathode accelerate towards the cathode edge resulting in an observed

red-shifted distribution.
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Figure 4.13: Intensity measurements of the unshifted main peak for Balmer o (bottom line)
and 7 (top line) emissions as a function of distance, starting from the cathode edge to
approximately half the anode-to-cathode distance. The observation angle was 90° to the

beam axis.

The red-shifted distribution has been reconstructed with the semi-analytical model while
assuming a discharge between the anode and cathode, and approximating the potential to be
linear in this region. The approximation is based on the fact that the potential extends over
a distance longer than the maximum collision path length for the experimental conditions
(see the potential in the anode-cathode region in Fig. 4.4). Moreover, the approximation
is justified by the results of the charge exchange modelling, where the energy distributions
resulting from a uniform ion density distribution along the potential well (Fig. 4.6) were found
to be similar in shape to the distributions resulting from a uniform ion density distribution
along a linear potential (Fig. 4.11). The discharge was approximated with a uniform ion
density distribution along the path (a linearly increasing density distribution does not change
the results significantly).

The experimental conditions of Fig. 4.12 were included in the simulations for the three
ionic species (Ht, HI. H;*') mentioned in chapter 3. Note that a factor of cos30 had to
be included in the Doppler shift equation since the spectra were measured at 30° relative
to the beam (see eq. 2.8). Moreover, the potential was estimated to be ~ 60% of the
applied cathode voltage (this was found to be equivalent to the maximum energy of the
neutral atoms). The resulting energy distributions for all species were similar in shape to the
distributions presented in Fig. 4.11. The reconstruction follows the procedure described in
section 4.3.2, where the energies (matrix E in eq. 3.3) were converted to wavelength shifts.

The densities (matrix D in eq. 3.14) of wavelength shifts, corresponding to wavelength
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Figure 4.14: The 6 simulated spectra of the red shifted wings shown in Fig. 4.12.

shifts in intervals smaller than 0.5 A, were placed in bins and the densities in each bin were
accumulated to give the total density representing the density of the average wavelength shift
of the bin. The spectra shown in Fig. 4.12 were recorded at various distances from the anode
thus representing different acceleration lengths. Therefore, the spectrum reconstruction was
carried out for the distance between the anode and the observation point.

Fig. 4.14 presents the results of the reconstructed red-shifted wings (positive wavelength
shifts), after scaling according to the experimental spectra presented in Fig. 4.12. Clearly
the simulation results are in good agreement with the experimental results. Starting closer
to the anode (11 ¢m from the cathode edge), the intensity of the wing is relatively low and
the wing is flat. Considering that ions are accelerating from the anode towards the cathode,
at that position not many neutral atoms have been accumulated. The broadening of the
experimental spectrum at the base of the unshifted peak, due primarily to energetic neutrals,
might be caused by wall reflection of fast neutrals (this is supported with experimental results
presented in chapter 5). The intensity of the wing increases at each observation point closer
to the cathode. This results from a cumulative effect, where the spectrum at each point
closer to the cathode edge includes emission from the de-exciting neutral atoms that were
produced along the path between the anode and the observation point (the neutrals do not
decay instantaneously). The peak in the distribution is a result of the charge exchange of
the initial uniform spatial ion distribution. This is seen in Fig. 4.11, where the intensity of
relatively low energy neutral atoms is enhanced.

In many measurements the unshifted peak shows a slight asymmetry, where the red-
shifted side of the peak is slightly broader than its blue-shifted side. Although atomic and
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electronic processes are responsible for the broadening of the Lorentzian peak, these should
not cause an asymmetry in the broadening. The reconstructed spectra show a small spike
near the Lorentzian. This spike is a component of the H;’ specie distribution that broadens
the red-shifted side of the Lorentzian (see Hy energy distribution in Fig. 4.11) and might be
responsible for this asymmetry. The broadening of the Lorentzian peak due to other processes
overlaps with the H] energy distribution while smoothing the spike, as seen in the spectra
of Fig. 4.12.

4.5 Energy distributions and the “blue shift” phenomenon

The experimental apparatus shown in Fig. 2.1 creates a discharge between the cathode and
anode, where ions accelerate towards the cathode edge. In section 4.4.1 it was shown that
the energy distributions resulting from such a discharge account for the red-shifted wing and
therefore, do not account for the blue-shifted wing in the spectrum. If the neutral atoms
produced on one side of the cathode had to drift to the other, the observed blue-shifted wing
should have resembled the red-shifted distribution, which it does not.

Moreover, measurements taken by Khachan et al. [12,17] suggest that the three peaks
representing the three ionic species in a spectrum are of the same energy, where the energy
is equivalent to the maximum potential depth. Referring to Figs. 4.6, 4.10 and 4.11, the
H;‘ energy distribution steeply declines in intensity with increasing energies. The only set of
distributions that can account for the experimental findings are the ones presented in Fig. 4.5.
These represent a system, where a local ion distribution is placed at the centre of cathode.
The ions are accelerated via a steep potential drop {extending from the cathode center to the

edge of the cathode), undergo charge exchange and escape the cathode as neutral atoms.

4.6 Other applications: high pressure discharge systems

The charge exchange models were applied to a high pressure discharge system, where charge
exchange was dominant. A similar Doppler shift diagnostic method was used to study hollow
cathode and plane cathode discharge devices while operating at hundreds and thousands of
mTorr [19]. Fig. 4.15 refers to Doppler shift measurements taken by Barbeau and Jolly [19].
These were obtained at an observation angle of 0° relative to the beam (see the schematics
of the apparatus in Fig. 4.16).

In their experiments an iron cathode of 3 cm in diameter was used, where the distance
between the plane anode and cathode was set to 3 cm. The pressure of the hydrogen gas
was varied in the range of 0.14 - 1 Torr. The potential between the anode and cathode
was not measured however, it is reasonable to estimate the sheath to be a narrow well,
having a minimum at ~ 1 cm from the cathode surface (the total length of the potential is
3 cm). A discharge was created between the anode and cathode. Therefore, the ion density
distribution was estimated to be linearly increasing. The potential depth was estimated to

be 1 kV, corresponding to the maximum experimental wavelength shift of ~ 10 A (see Fig.
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Figure 4.15: Doppler shift measurements obtained at an observation angle of 0° relative to
the beam. A plane cathode discharge device was used, operating at pressures of 0.14 — 1 Torr
(taken from C. Barbeau and J. Jolly [19}).
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Figure 4.16: Reconstructed schematic illustrating the apparatus in the vacuum chamber and
the angle of observation. The observation was carried out along the optical axis, where the
optical emission is integrated along the discharge axis (reconstructed from C. Barbeau and
J. Jolly [19]).
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Figure 4.17: Modelled energy distributions for the H2+ and H;r species at pressures of (.14
and 1 Torr respectively. The parameters used in the model are the same as the operational

conditions of Barbeau and Jolly [19].

4.15).

Figure 4.17 presents the energy distributions in the potential well for the H, H; species,
for pressures of 0.14 and 1 mTorr, respectively. The HJ specie density decreases rapidly with
increasing energies and cuts off at ~ 60 % of the applied voltage. The H and Ht (H* not
shown in the figure) spectra are skewed like a Poisson distribution. The maximum intensity
occurs at an energy equivalent to ~ 20 % of the applied voltage. The peaks of the Hi and
H* energy distributions are dependent on the initial ion density distribution. The maximum
intensity slightly shifts to higher energies for a uniform distribution along the path (not shown
in the figure).

The reconstruction of the spectra is presented in Fig. 4.18 by following the same proce-
dure mentioned in section 4.3.2. The figure shows two reconstructions calculated for pressures
of 0.14 and 1 Torr. The reconstructions are in good agreement with the experimental spectra
shown in Fig. 4.15. The reconstruction for the 0.14 Torr has a peak at ~ 3.5 A, which is
in good agreement with the corresponding experimental spectrum. This can be explained by
the dominance of the H;‘ specie at that region. The H* specie is responsible for the “tail” of
the spectrum, which reaches as far as ~ 10 A. The H* and H species combine to a gradual
decline of the spectral line, starting from the HJ peak to the outer part of the spectrum.
The HY specie is mainly responsible for filling the gap between the Hy peak and the un-
shifted peak, where it also slightly broadens the unshifted peak at its base. Referring to the
reconstructed 1 Torr spectrum in the figure, the Hf and HT peaks are shifted towards the
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Figure 4.18: The reconstructed spectra resulting from the energy distributions of the three
species for pressures of 0.14 and 1 Torr.

unshifted peak and the cutoff point of the spectral line is at ~ 5.5 A. Note that an increase
in pressure significantly reduces the energies.

4.7 Other applications: IEC confinement time estimations

The charge exchange model was used to estimate confinement times for IEC devices operating
in the range of units of mTorr. The Lawson criterion for D-D confinement time is ~ -5—x;11—9-1—5—
seconds, where n is the ion density in units of cm 3. As a result, the minimum confinement
time for energy gain and for devices operating in the range of 1 to 10 mTorr is in the order
of 10’s of seconds.

Here, a procedure has been developed to estimate the existing confinement time for
these conditions. The three ionic species oscillate in the potential well and after gaining some
kinetic energy they could be lost from the system via charge exchange. Since the fusion rates
significantly depend on the ion energies, we consider only ions having energies greater than
80 % of the maximum possible energy. The ions, while oscillating in the well, acquire this
range of energies for a defined interval of time. The total confinement time was calculated
by estimating the longest interval of time for a single oscillation and multiplying by the
total number of oscillations. For Ny density of ions starting at the top of the potential well, a
fraction of them undergo charge exchange and are lost to the background gas. The calculation
was stopped when the surviving ion density was 0.1% of their initial value, Ng.

The charge exchange programs (presented in chapter 3) were modified for the calculation
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Figure 4.19: The left plot shows the number of oscillations the ions have gone through for
pressures between 1 and 10 mTorr. The right plot shows the estimated total confinement
time as a function of the same range of pressures. This is for the experimental set-up of
Khachan et al. [12]and for the three ionic species, as marked in the figure.

of the confinement time. The experimental conditions of the potential measurement presented
in Fig. 4.4 and the potential shape were used in the simulation. Specifically, the potential
depth was set to —2.5 kV (equivalent to a cathode voltage of ~ —10 kV), the position of the
potential minimum was at 0.01 m (the cathode entrance), the cathode to anode distance was
0.08 m and the gas was set to be 10 % ionized. Results of the calculations are shown in Fig.
4.19.

The left plot presents the number of oscillations the ions have gone through for pressures
between 1 and 10 mTorr. The right plot presents the estimated total confinement time as a
function of the same range of pressures. The confinement time is in the order of microseconds,
which is ~ 7 orders of magnitude smaller than the Lawson criterion for D-D fusion interactions
at these pressures. Although the confinement time for the three species is of the same order of
magnitude, it is evident that the H'3" specie is confined the longest. However, the H;’ specie is
also the heaviest and since the fusion rate production is proportional to relative velocity, the
H;’ specie is expected to be less efficient. In most studies the H; specie is the most abundant
specie out of the three, but it is lost to the background gas after fewer oscillations and its
confinement time is the shortest (this is a result of the “same specie interaction” mentioned
in chapter 3}.

Figure 4.20 presents a similar calculation for a conventional IEC device such as the

one used in Wisconsin [13]. In this case the potential depth was set to —20 kV (that is
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Figure 4.20: The left plot shows the number of oscillations the ions have gone through for
pressures between 1 and 10 mTorr. The right plot shows the estimated total confinement
time as a function of the same range of pressures. This is for the experimental set-up of

Thorson et al. [13] and for the three ionic species, as marked in the figure.
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for a cathode voltage of —60 kV), the potential minimum was set at 0.05 m (the cathode
edge), the cathode to anode distance was set to 0.2 m and the gas was set to be ~ 0.01
% ionized. For these experimental conditions the charge exchange becomes more dominant
and rapidly damps the oscillations while decreasing the confinement time for all species. The
confinement time in IEC devices operating in the mTorr range is suggested to be in the order
of microseconds or 10! microseconds. The ions go through very few oscillations, which
implies that the charge exchange process is dominant and is responsible for the damping of

the oscillations.

4.8 Summary and discussion

Doppiler shift measurements, taken with the apparatus described in Fig. 2.1, show that high
fluxes of neutral atoms are diverging from the cathode. It was suggested that the neutral
atoms originate within the two potential wells via charge exchange of ions that are created in
the cathode centre. This was strongly supported by other work [1-3] and further supported
with the charge exchange models. Energy distributions, calculated based on this hypothesis,
were found to be in good agreement with previous experimental findings, where the neutral
atoms energy of the three species (represented by the Gaussian peaks) were found to be equal
and gained the maximum possible energy. Furthermore, it was possible to reconstruct the
blue-shifted wing of the spectrum with these distributions.

Energy distributions were obtained for the H, HI and H;’ species for discharge condi-
tions between the anode and cathode. It was shown that these distributions can account for
the fainter red-shifted wing in the spectra. This implies that the blue-shifted wing does not
result solely from neutral atoms drifting from the other side of the cathode (ihe conventional
view). If that had been the case, the blue-shifted wing should have resembled the red-shifted
wing (at least near the cathode).

The charge exchange model was further applied to a high pressure (hundreds of mTorr)
discharge system, where spectra were reconstructed for an approximation of the discharge
conditions. This further validates the reliability of the modelling method and shows the
generality of the model, where it can be applied to various systems.

Estimates of the confinement time was given for IEC devices operating in the mTorr
region (where charge exchange is dominant). It was found that the confinement time is
7-8 orders of magnitude smaller than the Lawson criterion for D-D confinement (note that
although the calculation was carried out for hydrogen, since the charge exchange cross sections
are similar for deuterium, the results are valid for deuterium as well).

Chapter 2 introduced the Gaussian method of analysis for obtaining the three ionic
species energies. The charge exchange models explain the physical interpretation and the
limitations of the method. The distributions presented in Fig. 4.5 clearly show that the
Gaussian peaks do not represent the average neutral atoms energy but rather the maximum
energy gained in the well (this agrees with previous experimental findings, where the neutral

atoms energy, represented by the Gaussian peaks for the three species, were found to be equal
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and have the maximum possible energy). This interpretation is valid for distributions having
similar shapes to the ones presented in Fig. 4.5. This also justifies the use of this method of

analysis in the next chapter, where an experimental study of the neutral beam is presented.
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Chapter 5

Spectroscopic Studies of the Beam

In this chapter a comprehensive study of the neutral beam is presented. First, spectrum
measurements in the cathode region are presented. Second, spectrum measurements in the
cathode-to-anode region are presented. Third, spectrum measurements in the anode-to-wall

region are presented. Last, the radial component to the beam is studied.

5.1 Aim

The experimental apparatus described in chapter 2 (figures 2.1, 2.2) was used for a systematic
study of the beam of neutral atoms, extending from cathode to anode {and through the anode
mesh spacing to the wall of the chamber).

In previous work, spectroscopic measurements were carried out on conventional IEC
devices (multi emission channels} and one dimensional devices (two emission channels) [1-3].
Ton energies were obtained for the three dominant ionic species (H*, Hf and HY) within the
cathode region and relative ion densities were estimated. However, there was no systematic
- study of the entire beam. In chapter 4 it was suggested that a large number of neutral atoms
are diverging from the cathode. Assuming a source of ions placed at the centre of cathode,
modelling showed that the blue-shifted distribution observed in the spectra was established
in the cathode region. A less significant red-shifted wing observed in the spectra suggests
that there were some neutral atoms converging to the cathode. This was explained with
a model assuming a discharge along the anode-to-cathode distance. However, a red-shifted
wing was observed also between the wall and the anode. A study of the entire beam would
further enforce the “blue shift effect” hypothesis and modelling presented in chapter 4 and
will coherently explain the observed spectral line of the spectra, taken at different angles to
the beam and at different parts of the beam. Furthermore, in this study scaling rules were
found for the dependence of ion energy on pressure, voltage and system size. The latter was
varied simply by changing the distance between the cathode and anode.

Spectroscopic measurements are presented for the full length of the beam in order to
obtain the ion energies. The beam was divided into there regions for this study: the cathode,

cathode edge to anode and anode-to-wall regions. Spectra were obtained at observation
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Size (cm) | Voltage range (—kV) | Pressures (mTorr) | No. of spectra
12 1-9 15, 20, 25, 30 30
16 1-9 15, 20, 25, 30 37
20 1-9 15, 20, 25, 30 29

Table 5.1: Cathode 0 degrees measurements: details of the symmetric measurements.

Anode A - B (cm) | Voltage range (—kV) | Pressure (mTorr) | No. of spectra
8/12 - 12/8 1-7 15 12
8/16 - 16/8 1-7 15 12
8/20 - 20/8 1-7 15 12
12/16 - 16/12 1-7 15 12
12/20 - 20/12 1-7 15 12
16/20 - 20/16 1-7 15 12

Table 5.2: Cathode 0 degrees measurements: details of the asymmetric measurements.

angles of 0°, 30° and 90° relative to the beam.

5.2 Spectrum measurements in the cathode region

5.2.1 (° measurements in the cathode region

In this section energy distributions of neutral atoms in the cathode region were analyzed with
the aim of finding scaling rules for variations in pressure and size. For these measurements
the beam was aligned at 0° relative to the monochromator (this was done by changing the
orientation of the aluminium plate shown in Fig. 2.2), observing the central part of the
cathode.

This set of measurements included two sub-sets: symimetric and asymmetric distances
between the cathode and the two anodes. In the symmetric case both anodes were placed
equidistant on both sides of the cathode. The experimental details are given in table 5.1,
where “Size” represents the distance between the anode and cathode centre, “Voltage range”
is the range of applied cathode voltages, “Pressures” is the pressures under which the voltage
was varied and “No. of spectra” is the total number of spectra taken for a given “Size”.

In the asymmetric case the distances between anodes and cathode were unequal. The
experimental conditions of the asymmetric measurements are given in table 5.2, where each
row in the first column represents two sets of measurements having the two anodes, A and B,
at different distances from the cathode and later reversing the distances for A and B (e.g. for
“8/12-12/8”, anodes A, B were placed 8 and 12 cm from the cathode centre respectively and
then reversed to be placed at 12 and 8 cm from the cathode centre respectively). Note that
changing the distances of the anodes or the beam orientation requires opening the chamber

and later re-stabilizing the system to the required conditions.
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Figure 5.1: Three Gaussians fit (red line) were carried out for each of the blue-shifted (neg-
ative wavelength shifts) and red-shifted (positive wavelength shifts) wings. The three Gaus-
sians and the experimental spectrum are presented with the green and black lines, respec-

tively.

5.2.2 Analysis procedure

The convolution of the emission with the instrumental (monochromator’s) response function
made it necessary to carry out a deconvolution procedure based on the maximum entropy
method [4-6]'. Before deconvolving the spectrum, noise was reduced by smoothing the data
with the 3 point averaging method (the code was written by the author in MATLAB). It
was found that the deconvolution process did not significantly change the resolution of the
original spectra.

A three Gaussian fit was generated for each spectrum’s blue-shifted and red-shifted wings
(see discussion in chapter 2). This was done with the ORIGIN program. A spectrum with
its three Gaussian fit is presented in Fig. 5.1. The spectrum was obtained for a pressure
of 10 mTorr, cathode voltage of —7 kV and 20 cm distance between the anode and cathode
centre. Note that the Gaussian fit of the peak closest to the unshifted peak is due to the
superposition of the three ionic distributions (see spectrum reconstruction in section 4.3.2).
The H; and H;‘ distributions strongly overlap and they are both represented by the single
second Gaussian peak in Fig. 5.1. The third Gaussian (furthest away from the unshifted
peak) in Fig. 5.1 is well resolved and represents the H™ distribution.

In previous work a linear relationship between the position of the Gaussian peaks (wave-

'The author thanks Dr. Steven Bosi for supplying the deconvolution program.
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Figure 5.2: A linear fit for Doppler shift versus square root of the applied voltage. The
spectra were taken for a pressure of 25 mTorr and a cathode voltage range of —1 to —6 kV.
The lower line represents the linear fit for the Hf +HJ ion species (these are represented with
the second Gaussian peak in Fig. 5.1). The upper line represents the linear fit for the HY
{represented with the outer Gaussian peak in Fig. 5.1). The original experimental set of data

and the maximum error of the fit at each data point are shown in the figure.

length shift) and the square-root of the voltage was established [1}. This suggests a linear
relationship between the ion energy and the applied voltage (see eq. 2.8 in chapters 2). Based
on the “Maximum Likelihood” method (the code was written by the author in MATLAB [7]},
a linear fit was carried out on data obtained from measurements at various pressures and
voltages. Figure 5.2 presents an example of this procedure. The measurements in the figure
were taken for a pressure of 25 mTorr, where the voltage was varied between —1 and —6 kV.
The distance between the anode and cathode centre was set to 16 cm. The continuous lower
line represents the linear fit to the data of the H'Z" and H;‘ ionic species (corresponding to
the second Gaussian in Fig. 5.1) and the upper continuous line represents the linear fit to
the data of the HT ion (corresponding to the third (outermost) Gaussian in Fig. 5.1). The
original experimental data and the maximum error of the fit at each data point are noted in
Fig. 5.2.
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Figure 5.3: The dependence of the Doppler shift on the square root of the applied voltage of
atomic hydrogen arising from charge exchange by H* with the background gas at pressures of
15, 20, 25 and 30 mTorr, where each plot represents measurements taken for cathode to anode
distances of 12, 16 and 20 cm. The data points are over plotted, where the measurements for

12, 16 and 20 c¢m are denoted with stars, triangles and circles, respectively.

5.2.3 Scaling: energy dependence on size and pressure
Symmetric measurements

From the symmetric measurements (anodes placed at the same distance from the cathode)
scaling rules were found in relation to the ion energy dependence on anode-to-cathode distance
and background gas pressure. Figures 5.3 and 5.4, each present 4 plots of Doppler shift versus
square root of the applied voltage that were taken for pressures of 15, 20, 25 and 30 mTorr.
Each plot contains the results for cathode to anode distances of 12, 16 and 20 cm. Figure
5.3 shows the results for the H* specie (third Gaussian peak), and Fig 5.4 shows results for
the H; /3 species (second Gaussian peak). Note that each set of data in Fig. 5.3{denoted as
stars, triangles and circles) is positioned close to its line of fit, where the maximum error is
smaller than the experimental random error (can reach £200 eV). It is clear that the 3 lines
in each plot overlap, which strongly suggests that the energy of the ions is independent of
the cathode-to-anode distance for the experimental conditions presented in this work.

The position of the minimum of the potential well and the potential depth were found to
be dependent on the cathode’s geometry and material [2,8]. Furthermore, the energies of the
three species were found to be the maximum possible that can be gained from the potential

well (see chapter 4). Considering that the same cathode was used for all measurements, the
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Figure 5.4: The dependence of the Doppler shift on the square root of applied voltage for
excited atomic hydrogen resulting from the charge exchange of H; and H;’ with the back-
ground gas at pressures of 15, 20, 25 and 30 mTorr, where each plot represents measurements

taken for 3 cathode to anode distances of 12, 16 and 20 cm.



Chapter 5. Spectroscopic Studies of the Beam 83

Wavelength Shift (Angstrom)

1 1 1 1 1

4 A I 1 I
1 12 1.4 1.6 1.8 2 22 2.4 26 28 3

Square root of the Votage \Jkv

Figure 5.5: A linear fit was carried out for Doppler shifts versus square root of the applied
voltage for 3 cathode-to-anode distances. Consequently, there are 8 lines representing the 4
pressures and the H;'/3, Ht species in the bottom and top groups, respectively.

independence of the energy from the cathode-to-anode distance is expected.
Since it has been established that the energies are independent of different cathode-to-
anode distances, a linear fit was carried out for all data points of the 3 cathode-to-anode

distances in Figs. 5.3 and 5.4 (for each of the species and 4 pressures). The resulting linear

+
2/3

species and the upper group of lines represent the H* specie. Clearly there is considerable

overlap of the lines representing the H;‘B species, implying that the energy is independent

lines for each pressure are plotted in Fig. 5.5, where the lower group of lines represent the H

of pressure. The lines representing the H' specie cross one another, where the deviation of
the lines from one another is random. This is a result of the linear fitting procedure. The
deviation of adjacent lines is smaller than ~ 0.5 A, which can be accounted for in the initial
Gaussians fit error (there are a number of Gaussian combinations that can construct the
spectrum line shape and the position of the peak representing the H* specie can vary to £0.2
A around some average value. See also chapter 2). Reinforced by the H; /3 species results,
it is strongly suggested that the jon energies are independent of pressure (in the range of
5 — 30 mTorr and given the instrumental uncertainties, any small variation in pressure can
be neglected).

The distributions presented in Fig. 4.5 can explain these findings; The distributions
show that the energies represented by the Gaussian peaks are equivalent to the maximum

potential energy. If the maximum potential depth does not vary much with pressure (in
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Figure 5.6: For each of the 2 species a linear fit was carried out for the data at the 4 different
pressures that were presented in Fig. 5.5. The top and bottom lines represent the HT and
H;’ /3 species, respectively.

the experimental range presented in this work), the energies associated with the Gaussian
peaks should be independent of pressure. Consequently, neutral atom energies obtained from
spectra are a measure of the maximum potential depth. Khachan et al. [1, 2] measured
maximum neutral atom energies that were ~ 25% of the applied voltage for a double ring
cathode. Independent potential measurements for the same system showed that the maximum
potential depth of the well (as defined in section 4.3.1) was also ~ 25% of the applied voltage.
Fig. 5.5 (also Figs. 5.6 and 5.7) shows that in this work the maximum energy gained by
atomic hydrogen was ~ 60% of the applied voltage, which implies that for this experimental
set-up the maximum potential depth of the well was ~ 60% of the applied voltage.

A linear fit of the dependence of Doppler shift on the square root of the applied potential
is given in Fig. 5.6 at 4 different pressures and for each of the 2 species. The straight lines

given in the figure were best fits to 96 points for each fit. The lower and upper lines represent

+
2/3

specie becomes evident if the linear relation between the wavelength shift and the square-root

the H;/a and HY species, respectively. The relationship between the H,, species and the HY
of the applied voltage is converted to an energy versus voltage plot (see eq. 2.8 in chapter 2).
The result is presented in Fig. 5.7. Multiplying the lower line by a factor of 2.5 results in the
upper line (marked H;/s), which clearly overlaps with the line representing the H* specie.
In chapters 2 and 4 it was shown that the energies of the three species (represented by

the three Gaussian peaks) were found to be the same [1]. It was also shown that the energy
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Figure 5.7: A plot of energy versus voltage showing that the upper line, representing the H*
specie, is a factor of 2.5 larger than the line representing the H;/B species.

of the H:r specie (where i = 1,2, 3) partitions between the resulting fragments such that the
resulting excited H* fast neutral atom has the energy of the H;" specie divided by 7. Since
the lower line (stated as H;"/S) represents a merger of the HY and HI species, it is expected
that the multiplication factor will be between 2 and 3. In this case the energies of the lower
line (representing the H2+/3) are ~ 0.40 of the energies of the upper line (representing the H*
and also the total energy of the two other species), which is the average energy of the excited
H* neutral atom energies resulting from the H;r and H;,r species (the exact average energy is
0.416 of the total energy).

Asyminetric measurements

Although the results for the symmetric systems (anodes placed at the same distance from
the cathode) showed no dependence on anode-to-cathode distance, this was verified for the
asymmetric case {anodes are placed at different distances from the cathode). The details of
the asymmetric measurements are given in table 5.2.

Qualitatively, the blue and red shifted wings (representing different sides of the cathode)
were found to be similar in shape, implying that the energies are independent of asymmetry.
Figure 5.8.B presents the results of the analysis of the 20/12 asymmetric measurements (see
details in the fifth row of table 5.2). The anode closer to the monochromator was placed at
20 em from the cathode centre and the other at 12 cm from the cathode centre (the results

for the 12/20 asymmetric experiments were found to be identical and are not shown here.
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Figure 5.8: Plot A presents the results for the symmetric system , where both anodes were
placed once at 20 cm from the cathode centre (marked “20”) and again at 12 cm from
the cathode centre (marked “12"). Plot B presents the results of the 20/12 asymmetric
experiments (fifth row in table 5.2). The measurements for the symmetric and asymmetric
systems were carried out for the same operating conditions, mentioned in table 5.2. The three
sets of lines represent the analysis of the three Gaussian fit for each voltage measurement,
where the lower, mid and upper sets of lines are the results of the first, second and third peak

analysis respectively.

- This is expected, since the set-up is symmetric about the cathode). The three sets of lines
(note that there are two lines in each set) represent the analysis of the three Gaussian fit for
each voltage measurement, where the lower, mid and upper sets of lines are the results of the
first, second and third peak analysis respectively.

The upper most set of lines represents the Ht specie, the middle set represents the
H;"/3 species, and the lowest represents the peak caused mostly by the energy distributions
of the H;’ and H; species, and neutral atoms drifting from the other side of the cathode
(see discussion chapter 4.3). In each set of two lines, one line represents the analysis of the
blue-shifted wing (for 20 cm anode-to-cathode distance and marked “20” in the figure) and
the other line represents the analysis of the red-shifted wing (for 12 cm anode-to-cathode
distance and marked “12” in the figure). It is clear that the two lines of each set in Fig.
5.8.B overlap, implying that asymmetry does not affect the energy independence from the
cathode-to-anode distance.

Figure 5.8.A presents the results for the symmetric system and for the same operating

conditions, where both anodes were placed once at 20 em from the cathode centre and again
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Distances (cm) | Voltages (—kV) | Pressure (mTorr) | No. of spectra
4.6, .., 16 6 5 7

4,6, .., 16 5,6 10 14

4,6, .16 35, 4, 5, 6 15 28

46,16 3,45 6 20 28

46, .. 16 34,5 6 25 28

Table 5.3: 30 degrees measurements along the beam, between the cathode and anode.

at 12 cm from the cathode centre (two experiments were carried out). Also in this case the
three sets of lines (two lines in each set) represent the analysis of the three Gaussian fit for
each voltage measurement, where the lower, mid and upper sets of lines are the results of the
first, second and third peak analysis respectively. However, the results are for the blue-shifted
wing in both experiments (note that in the symmetric case the blue and red shifted wings
are symimetrical and yield the same results). In each set of two lines, one line represents the
analysis of the experiment for 20 cm anode-to-cathode distance {marked “20” in the figure),
and the other line represents the analysis of the experiment for 12 em anode-to-cathode
distance (marked “12” in the figure). A comparison of Fig. 5.8.A with Fig. 5.8.B shows that
the two systems are equivalent and the asymmetric system does not affect the energies in
relation to the symmetric system.

The first peak in the spectrum (represented by the Gaussian closest to the unshifted
peak) does not change its position with cathode-to-anode distance and with asymmetry of
the system (seen in the overlap of the lower lines in Fig. 5.8). This implies that the total
energy distribution does not change significantly (the spectra are all similar in shape) and
reinforces the fact that the cathode geometry and material are the most dominant influence
on the energy distribution of the neutral atorns (it is suggested that the ions are accelerating
~ from the centre of the cathode outwards and the minimum of the potential is established
at the cathode edge. Considering that the same cathode is used for all measurements, the
anode-to-cathode distance should not affect the energy distribution of the neutral atoms).

5.3 Spectrum measurements in the cathode-to-anode region

5.3.1 30° cathode-to-anode measurements

Energies of the fast neutral atoms were measured between the cathode edge and the an-
ode. Assuming the energy distribution of the neutral atoms is established mostly within the
cathode region, it is expected that the energy distribution will not change along the cathode-
to-anode region (neglecting de-excitation processes that affect the spectra line shape). For
these measurements the beam was set at 30° angle relative to the monochromator, and spec-
tra were obtained at 2 cm intervals along the beam. The cathode-to-anode distance was set
to 16 cm and measurements were taken for a pressure range of 5 to 25 mTorr and for a voltage

range of 3 to 6 kV. Table 5.3 presents the experimental details. Note that the distances were
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Figure 5.9: Spectrum taken at 30° relative to the beam showing a squashed profile of the
spectrum (black line) obtained at 0° relative to the beam and for the same experimental
conditions. The spectrum also shows a three Gaussian fit to the blue-shifted wing (red line,

where the three Gaussians are presented with the green line).

measured from the cathode centre. Next, analysis and results are presented.

5.3.2 Spectrum profile, Gaussian fit and the alternative approximation
method

Measurements of neutral atom energies along the beam were taken at 30° relative to the
beam. Therefore, the resulting spectra are a 30° component of the spectra observed at 0°
relative to the beam. Figure 5.9 presents a spectrum that was taken 1 em from the cathode
edge, for a cathode voltage of —5 kV and a pressure of 15 mTorr. Referring to the blue-shifted
distribution, it is clear that there are three significant peaks that correspond to the three peaks
of the spectra taken at (0° angle relative to the beam, however, there is no gap between the
unshifted peak and the first peak (see 0° spectrum in Fig. 5.1). This is explained by eq. 2.7
(chapter 2), where a 30° observation decreases the wavelength shifts by a factor of cos(30°).
Consequently, the blue-shifted wing moves closer to the main unshifted peak. Following the
analysis procedure discussed in chapter 2, it is possible to fit 3 Gaussians to the wing. This is
shown in Fig. 5.9, where the second peak from the unshifted peak is at —9.59 A and the third
peak from the unshifted peak is at —15.82 A. Dividing both shifts by a factor of cos(30°)
and comparing with the results presented in Fig. 5.6 (for the same experimental conditions),
it 1s clear that the two peaks are the same two peaks of the 0° spectrum, representing the

HE /3 and H™ species respectively (marked in the figure). This confirms that the blue-shifted
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Figure 5.10: Spectra obtained for a pressure of 25 mTorr, for an applied cathode voltage of —6
kV and for observing positions along the beam measured from the cathode edge (marked in
the figure). The spectra were normalized with respect to the experimental results presented
in Fig. 4.13.

wings for the 30° spectra are the squashed image of the blue-shifted wings of the 0° spectra,
and that the Gaussian fitting method of analysis is still valid.

However, the Gaussian approach presents a few difficulties: since the three peaks are
squashed together they are not well resolved. Consequently, the fitting procedure has to be
repeated several times until a reasonable fit to the experimental spectrum is found (a “rea-
sonable fit” is when the three Gaussians are relatively narrow and the base of the Gaussians
is at noise level). In many cases it is impossible to find a three Gaussian fit. Furthermore,
the intensity reduces exponentially along the beam towards the anode and the wing shape
changes due to de-excitation along the beam. This is shown in Figs. 5.10 and 5.11, where the
same spectra were normalized once with respect to the experimental results presented in Fig.
4.13 (Fig. 5.10) and again with respect to the unshifted peak, where the spectra were lifted
upwards in relation to one another (Fig. 5.11). The spectra was obtained for a pressure of 25
mTorr, an applied cathode voltage of —6 kV and at different positions along the beam. It is
clear that for distances over 9 cm the peak representing the H* specie is nearly at noise level.
For distances larger than 12 cm from the cathode the part of the wing that is dominated by
the H; /3 species lowers in intensity and it becomes impossible to resolve its associated peak.

Figures 5.12 and 5.13 present the same spectra measurements, taken along the beam for a
cathode voltage of —6 kV and a pressure of 5 mTorr. The spectra were normalized once with

respect to the experimental results presented in Fig. 4.13 (Fig. 5.12) and again with respect
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Figure 5.11: The same spectra presented in Fig. 5.10, normalized with respect to the un-
shifted peak. The spectra are lifted upwards in relation to one another.

to the unshifted peak, where the spectra were lifted upwards in relation to one another
(Fig. 5.13). Notwithstanding the fact that the intensity of the emission decreases with
pressure and with larger angles of observation while causing an increase in noise, the spectra
in the figures show that the peaks, associated with the three species, are not resolvable. This
results from de-excitation processes, where the most dominant are spontaneous de-excitation
and inelastic collisions of H atoms with the Hp background gas (quenching). Spectra taken
at pressures lower than 5 mTorr were excluded from the énalysis.

Consequently, an alternative method was used to approximate the energies associated
with the H;/S species (referring to the second Gaussian peak). This enabled the inclusion of
most spectra measurements with reasonable confidence. Referring to Fig. 5.9, the Gaussian
peak representing the wavelength shift of the H;/3 species is positioned near the second most
significant peak in the spectrum {second peaks in the spectral line), and the energy associated
with the Gaussian peak was found to be in good agreement with former analysis (presented
in Fig. 5.6). Furthermore, the second peak of the spectral line falls nearly linearly until
it merges with the H* distribution in the spectrum. Therefore, it is possible to define the
point were the linear drop is established and estimate an associated maximum error for each
spectrum. Using the spectrum presented in Fig. 5.9 for the error estimation, the linear drop
is at ~ 8.8 A and the Gaussian peak at ~ 9.7 A resulting in maximum error of ~ +1 A. This
method was applied while using the ORIGIN program to analyze spectra taken at pressures
of 10, 15, 20 and 25 mTorr (see table 5.3).
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Figure 5.12: Spectra obtained for a pressure of 5 mTorr, for an applied cathode voltage of
—6 kV and positions along the beam measured from the cathode edge (marked in the figure).
The spectra were normalized with respect to the experimental results presented in Fig. 4.13.
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Figure 5.13: The same spectra presented in Fig. 5.12, normalized with respect to the un-

shifted peak. The spectra are lifted upwards in relation to one another.
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Figure 5.14: Results for 28 spectra, taken at 25 mTorr, for cathode voltages of —3, —4, —5
and ~6 kV and for observation points along the beam. The wavelength shifts estimated
for the H;/3 Gaussian peak are plotted against the distance from the cathode edge. The 4

continuous lines represent the mean of the results for each voltage group.

5.3.3 Results and discussion

Figure 5.14 presents results of the analysis of 28 spectra, taken for a pressure of 25 mTorr, for
cathode voltages of -3, —4, —5and —6 kV, at 1, 3,5, 7, 9, 11, 13 cm from the cathode edge.
The figure shows the estimated wavelength shift of the H;' /3 peak plotted against the distance
from the cathode edge. There are 4 distinct groups corresponding to each of the 4 cathode
voltages (marked in the figure). Referring to the groups representing the —3, —4 and —5 kV,
for each group the data points fluctuate around an average point in a spread smaller than 0.3
A. For the —6 kV group the data points fluctuate around an average point in a spread smaller
than 0.9 A. These results are in the error range that was estimated for the approximation
method that was used (maximum error of ~ +1 A). Moreover, the fluctuation of the data
points in each group do not follow the same trend for all groups. If the fluctuations in energy
were caused by a fluctuating electric field, accelerating ions between the cathode and anode,
the trend of the data points should have been the same for all groups.

Figure 5.15 presents the spectra that were analyzed in Fig. 5.14. The spectra were
normalized with respect to the unshifted peak, where they were lifted npwards in relation to
one another. There is a correlation between the data points in Fig. 5.14 and the spectra in
Fig. 5.15. When the intensity of the second peak (in Fig. 5.15} is closer to noise level, the

data point (in Fig. 5.14} has a higher value of wavelength shift and vice versa (e.g. the second
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Figure 5.15: The spectra that were analyzed in Fig. 5.14 for —6 kV, normalized with respect
to the unshifted peak. The spectra are lifted upwards in relation to one another.

peaks of the 1 and 13 cm spectra are closest to noise level and the associated wavelength
shifts in Fig. 5.14 are relatively high). Since the approximation method is based on finding
the top of the linear decline of the second peak, when the intensity of the peak is lower, the
beginning of the decline is estimated to be closer to the base of the spectra where the spectra
at that point is wider (this results in estimating a longer wavelength shift, as seen by the
dotted lines of the 1 and 9 c¢m spectra in Fig. 5.15). This explains the fluctuation in the
trend of the data points. Therefore, the results presented in Fig. 5.14 imply that the energy
is independent of the distance from the cathode due to neutral atoms that move along the
beam towards the anode.

The same approximation method was carried out for measurements taken at pressures
of 10, 15 and 20 mTorr. The data points in each of the 4 groups, corresponding to voltages
of —3, —4, —5 and —6 kV, were averaged. This resulted in 4 wavelength shifts data points
for each of the 4 pressures. In previous work a linear relationship was found between the
wavelength shift and the square-root of the voltage [1], and therefore, a linear fit was applied
to the 4 data points of each of the pressures. The 3 short lines in Fig. 5.16.A are linear fits
for experimental pressures of 15, 20 and 25 mTorr (marked in the figure), where the 2 average
data points for the pressure of 10 mTorr are plotted without a linear fit (marked as “*").

Clearly the 3 lines are parallel, where the two data points of the 10 mTorr measurements
are also placed on a line, representing the 25 mTorr measurements. This further confirms the
linear relation between the square-root of the voltage and the wavelength shift and reinforces

the validity of the approximation method (considering the statistical analysis, it is unlikely
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Figure 5.16: In plot A the 3 short lines present results of the linear fit for 15, 20 and 25
mTorr. The 2 average data points for the 10 mTorr are plotted without a linear fit (marked
as “*”). In plot B the results are divided by a factor of cos(30°) and plotted over Fig. 5.6,
where the two longer lines are the relations found for the H;'/?, and H* species analysis for

the 0° measurements.
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Distances (cm) | Voltages (-kV) | Pressure (mTorr) | No. of spectra
2,4,6 4 30 3
2,4,6 4 25 3
2, 4, 6 4 20 3

Table 5.4: 30 degrees measurements between the anode and wall.

that these results are coincidental). The three lines are separated by no more than ~ 0.5 A,
which is equivalent to a maximum energy spread of ~ 100 eV (see eq. 2.8 in chapter 2, or
Fig. 2.5 for shifts in the range of 9.5~ 10 A). The experimental error of the voltage can reach
a value of £100 V. Moreover, the error in the linear fit is larger and it can be assumed that
the three lines overlap. This result implies that the energies of the neutrals are independent
of pressure.

In Fig. 5.16.B the three short lines (presented in Fig. 5.16.A) were divided by a factor
of cos(30°) and plotted over Fig. 5.6, which shows the two relations found for the H;’B and
H™ species analysis and for the 0° measurements. The lines are in the +£1 A error range and
clearly in good agreement with the H;’ /3 species line of the 0° measurements. In this section
it was found that the neutral atom energies are constant along the path and that the energy
for a given cathode voltage is independent of pressure. Moreover, the energies were found to
be the same as in the cathode region (see Fig. 5.16). This strongly suggests that the spectra
taken along the beam are an image of the energy distribution that is formed in the cathode

region (for the same conditions).

5.4 Spectrum measurements in the anode-to-wall region

5.4.1 30° anode-to-wall measurements

Although the anode and wall of the chamber were both grounded, the beam extends from the
anode to the wall (through the spacings of the anode mesh). If an electric field was established
in this region, it was assumed to be negligible and any ions created in this region should have
had low energies (units or tens of eV). However, since there were highly energetic blue-shifted
neutral atoms comprising the beam, it was expected that these neutral atoms would drift
through the anode-to-wall field free region and bombard the chamber wall. Measurements of
spectra were taken along the 6 cm anode-to-wall distance at 2 cm, 4 cm and 6 cm from the
anode. This was carried out for different pressures and an observation angle of 30° relative

to the beam. The experimental conditions are detailed in table 5.4.

5.4.2 Wall reflection

Figure 5.17 presents three spectra obtained for distances of 2, 4, and 6 cm from the anode, for
a pressure of 20 mTorr and for an applied cathode voltage of —4 kV. The blue shifted wing is

a remaining of the distribution created in the cathode region {many of the neutral atoms have
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Figure 5.17: Three spectra for distances of 2, 4 and 6 cm from the anode, for pressure of 20
mTorr and an applied cathode voltage of —4 kV (the dashed lines show the beginning of the
nearly linear decline of the spectral line).

de-excited and the blue-shifted wing has lost the resolution of the three peaks). However, the
figure shows a nearly symmetric red-shifted wing that extends to ~ 14 A. The three spectra
overlap, which implies that the energy distribution is constant along the path in both blue-
shifted and red-shifted directions. It is clear that the red-shifted wing of the spectrum that
was taken near the glass (marked as “6 cm” in the figure) has a broad distribution extending
to energies of more than 2.5 keV (see Fig. 2.5, chapter 2 for ~ 14 A). Since there are highly
energetic neutral atoms near the wall that are heading towards the anode (red-shifted) and
since the red-shifted wing is relatively symmetric to the blue-shifted wing, it is suggested that
the red-shifted wing of the spectrum consists of reflected blue-shifted neutral atoms from the
chamber wall. From the symmetry of the spectrum it is suggested that the collisions of the
neutrals with the wall are mostly elastic.

Since the blue-shifted wing profile along the cathode-to-anode path was found to be inde-
pendent of pressure, it is expected that the red-shifted wing in this region is also independent
of pressure. Figure 5.18 presents three spectra taken 6 cm from the anode (near the wall), for
pressures of 20, 25 and 30 m'Torr, and for an applied cathode voltages of —4 kV. It is clear
that the three spectra overlap, where any small discrepancies can be accounted for in the
fluctuations of the emission due to de-excitation mechanisms. These results clearly explain

the red-shifted wing in the field free region and reinforce the former results (sections 5.2, 5.3).
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Figure 5.18: Three spectra taken 6 cm from the anode (near the wall), for an applied cathode
voltages of —4 kV and for pressures of 20, 25 and 30 mTorr.

5.5 The radial component

5.5.1 90° cathode-to-anode measurements

The blue-shifted and red-shifted neutral atoms motion was assumed to be highly directional.
If the beam is fully collimated in one direction, when observing at 90° angle relative to the
beam (perpendicular to the beam) there should be no significant Doppler shifts registered.
However, measurements taken at observation angles of 90° relative to the beam show a
significant Doppler shift distribution. In this section the 90° spectrum profile is presented
and explained with a relatively simple model.

Measurements were taken for an observation angle of 90° relative to the beam, where
the experimental conditions presented in section 5.3 were repeated with some additional
measurements. The experimental details are presented in table 5.5. Note that the distances
of the points on the beam that are focused onto the monochromator’s slit are measured from
the cathode centre. “A-C” represents the distance between the cathode’s centre and anode
(the cathode half length is 2.75 cm).

5.5.2 Spectrum profile and results

Figure 5.19 presents three spectra obtained at angles of 0°, 30° and 90° relative to the beam,
for a pressure of 20 mTorr and for an applied cathode voltage of —6 kV. The 30° and 90°
measurements were taken 1 cm outside the cathode edge. In section 5.3 it was established

that the 30° spectrum is a 30° component of the 0° spectrum. However, the 90° measurement
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Distances (cm) | Voltages (—kV) | Pressure (mTorr) | A-C (cm) | No. of spectra
4,6, .. 16 7 5 16 7

4,6, .., 16 5, 6 10 16 14

4,6, ..., 16 35 4,56 15 16 28

4,6, .. 16 3,4,5, 6 20 16 28

4,6, ..., 16 3,4,5, 6 25 16 28

4,6, .., 16 56,7 20 10 21

4,15 5 6,7 20 12 6

4 15 5, 6, 7 20 20 6

Table 5.5: 90 degrees measurements along the beam.
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Figure 5.19: Spectra obtained at angles of 0°, 30° and 90° relative to the beam, for a pressure
of 20 mTorr and an applied cathode voltage of —6 kV. The 30° and 90° measurements were

taken 1 ¢cm outside the cathode.
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Figure 5.20: Spectra taken at an observation angle of 90° relative to the beam, 1 cm outside
the cathode, for an applied cathode voltage of —5 kV and for pressures of 15, 20 and 25

mTorr.

shows a profile of a large broadening of the unshifted peak at its base (a shift of 10 A at the
base is equivalent to ~ 1 keV). It is also evident that the spectrum is relatively symmetric
around the unshifted peak, which implies that there is a radial component of the velocity of
neutral atoms relative to the beam axis.

If it is assumed that the beam is entirely directional, there is an independent radial motion
of neutral atoms towards the beam. This implies that a radial electric field is established
along the beam, which causes ions to accelerate radially to the beam. However, if there is a
slight scatter of the beam, the 90° profile will reflect the radial component of the scattered
neutral atoms. The experimental results, supplemented with a model, suggest that the beam
has some scatter (however, note that the model is valid for both hypotheses and can be
implemented in both cases with simple changes in the programing).

In section 5.2 it was found that the energies of the neutral atoms in the beam are inde-
pendent of pressure and anode-to-cathode distance. Figure 5.20 presents three spectra taken
at an observation angle of 90° relative to the beam, 1 ¢cm outside the cathode, for an applied
cathode voltage of —5 kV and pressures of 15, 20 and 25 mTorr. Since we are concerned
with comparing the broadened part of the spectra, the spectra were normalized to heights,
where the broadening was found to overlap. This clearly suggests that the broadening is
independent of pressures (measurements for 5 and 10 mTorr were noisy and are not shown
in the figure however, when using the three point averaging method to smooth the spectra

they showed the same profile as seen in Fig, 5.20).
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Figure 5.21: Spectra obtained for 10, 12, 16 and 20 cm anode-to-cathode distances. The
measurements were taken for a pressure of 20 mTorr and for an applied cathode voltage of
—6 kV.

Figure 5.21 presents 4 spectra obtained for 10, 12, 16 and 20 ¢m anode-to-cathode dis-
tances. The measurements were taken at an observation angle of 90° relative to the beam,
for a pressure of 20 mTorr and for an applied cathode voltage of —6 kV {note that for lower
pressures and shorter anode-to-cathode distances the noise increases, which limits the study
range presented in this work). The spectra were normalized to heights, where the broadening
of all spectra was found to overlap. Therefore, implying that the broadening is independent
of anode-to-cathode distance.

The analysis of the 30° measurements in section 5.3 showed that the neutral atom energies
were constant along the beam. Figure 5.22 presents 7 spectra obtained for distances of 1, 3, 5,
7,9, 11 and 13 c¢m along the beam, where the distances are measured from the cathode edge.
The spectra were taken at an observation angle of 90° relative to the beam, for a pressure of
20 mTorr and for an applied cathode voltage of —5 kV. The spectra were normalized with
respect to the unshifted peak. Figure 5.23 presents the same spectra however, normalized
by the base broadening. Clearly there is an overlap of the broadened part of the spectra,
where the ratio of the unshifted peak to the broadened wing decreases with distance from the
cathode. The broadening of the spectrum is independent of the distance from the cathode.

For all 138 measurements presented in table 5.5 the broadening of the spectrum was found
to be independent of pressure, cathode-to-anode distance and position along the beam. This
agrees with the experimental results presented in sections 5.2, 5.3 and therefore, suggest that

the origin of these spectra might be in the scatter of the beam. Moreover, if it is assumed that
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Figure 5.22: Spectra obtained for distancesof 1, 3, 5, 7, 9, 11 and 13 cm along the beam, where
the distances are measured from the cathode edge. The spectra were taken at an observation
angle of 90° relative to the beam, for a pressure of 20 mTorr and for an applied cathode
voltage of —5 kV. Moreover, the spectra were normalized with respect to the unshifted peak

and lifted upwards in relation to one ancther.
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Figure 5.23: The same spectra presented in Fig. 5.22, where normalized by the base broad-

ening,.

the radial motion is caused by a radial field that is established by electron and ion currents
in the beam, the experimental results in Fig. 5.23 suggest that the radial field is constant
along the beam. This is unlikely since the current density changes along the beam.

The 90° spectrum profile can be explained by a simplified model, given in the next section.

5.5.3 The radial model

Spectra obtained at 0° relative to the beam show a wide distribution of H neutral atoms,
which are moving out of the cathode towards the anode (e.g. see Fig. 5.19). The momentum
transfer collision cross sections for H—Hy are comparable to the charge exchange collision
cross sections for energies in the range of 0.1 eV to ~ 150 eV [9], and since the ions have
energies in the range of kV relative to the background gas, these collisions are negligible.
However, since the energy distribution of the H neutral atoms in the beam is continuous, the
relative velocities of the neutral atoms span a broad range of relative velocities. Therefore,
elastic momentum transfer collisions between H atoms in the beam might be significant. In
fact, at low energies of ~ 0.1 eV the cross sections are ~ 55 x 1072° m? and exponentially
decrease, where for energies of ~ 10 keV the cross sections are ~ .55 x 1072 m? which
are compatible to the charge exchange cross sections for a wide range of energies [10]. It
is likely that higher energetic neutral atoms “catch up” with lower energetic neutral atoms
while colliding and deflecting some of the neutral atoms from the initial beam’s direction

(similar to a hot gas).
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A model was constructed while considering the physics and the diagnostics (90° mea-

surements}, where the simplifying assumptions are as follows:

1. There is a uniform distribution of H--H collisions all along the beam, where the faster
neutral atoms collide with the slower neutral atoms all along the beam creating the
same energy distribution of scattered neutrals (this is implied in Fig. 5.23, where the

90° spectrum’s profile does not change along the beam).

2. The neutrals can scatter from the beam’s direction at any trajectory having an angle
< 90°, measured from the beam (see Fig. 5.24: each angle forms a cone of possible

trajectories surrounding the main beam).

3. Since the original direction of the neutral atoms is highly collimated in the beam’s
direction, it is possible that the probability for scatter at some angle decreases with
increasing angle. Therefore, the model was constructed to account for a weighting

function (can be exponential or other).

4. For a given trajectory, the energy profile is assumed to be the 0° energy distribution.
Note that this is a crude first order approximation estimating the dynamics of the system
(governed by momentum and energy conservation laws). The assumption enables each
velocity component to be weighted on the cone according to its intensity in the original
0° spectrum. Also note that the amount of scattered atoms is assumed to be negligible
in comparison with the amount of atoms that are moving in the direction of the anode
or cathode (this is the reason that the scatter is observed at 90° to the beam but not
at 30° to the beam, since the intensity of the emission received from the scatter is

significantly less than the intensity received from the emission of the beam).

Figure 5.24 illustrates a cone of velocity trajectories, where each trajectory on the cone’s
surface is a component of a velocity from the 0° distribution. We consider at first one velocity
out of the entire distribution on the cone’s surface (e.g. the velocity v{ in the figure). The v}
velocity components at 90° to the beam are proportional to sin(¢) such that v; = v?sin(¢).
Note that ¥ is the angle between v? and the X axis. This is illustrated in Fig. 5.24, where
a “bicycle’s wheel” is formed at the point of observation. The spikes of the wheel are the v;
velocity components of v? (the figure shows only half the wheel of the velocity trajectories).

The non-relativistic Doppler equation for the relation between the emitted and received

wavelength is:

PUSW (1 =S i‘cf) (5.1)

where Ag is the emitted wavelength in the rest frame (6563 A), A" is the detected wavelength,
v is the velocity of the source and ¢ is the speed of light in vacuum. Note that the “+”
and “-" signs represent the receding and approaching sources, respectively. Therefore, the

Doppler wavelength shift can be expressed as follows:
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Figure 5.24: A cone of velocity trajectories, where each trajectory on the cone’s surface is
a velocity from the 0° distribution. The v) velocities components at 90° to the beam are
proportional to sin(y)} and are marked as v;. These have a component in the monochromator

direction, which is proportional to sin{(8).

AA:AJ%‘ (5.2)

In this case we define AX = ()\; — )\0) such that a positive result represents receding mo-
tion (red shifts) and a negative result represents approaching motion (blue shifts). The
radial velocities v; have to be further split into components that point in the direction of
the monochromator (see Fig. 5.24). Defining the angle # to be the angle between the v;
trajectories and the Z axis the Doppler shift equation takes the form:

v; sin

AN = X (5.3)

From the symmetry of the problem it is clear that all trajectories coming from the half
of the “wheel” closer to the monochromator { # = 0° to # = —180°) will be blue-shifted and
trajectories coming from the other half of the “wheel” further away from the monochromator (
# = 0° to @ = 180°) will be red-shifted. Moreover, the distribution of the velocity components
that point in the monochromator’s line of observation is the same for all four quarters of the
“wheel” (defined by 6 = 0° to § = 90°, = 90° to 8 = 180°, # = 180° to § = 270°, § = 270°
to 8 = 360°). Therefore, the problem is further simplified by considering one of the quarters
only.

We now find the intensity distribution of the A\; wavelength shifts for one of the quarters.

A constant interval of shifts d (JAA|) is spanned in an interval df, which is proportional to
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the probability of having a d (JAAX}) range of shifts. Therefore, it is also a measure of the
observed relative intensity. From eq. 5.3 it follows that,

@ = arcsin [[A)\ﬂ )\cv ] , (5.4)
0ty

and the geometric weight function becomes,

= s = (o) [1 ~(1ax F)Q] (55)

Note that A); is dependent on the angle # and has a range of values corresponding to

the values of @ (see eq. 5.3). For computational reasons we choose a discrete approach and
set an array of A); ranging from AX; = 0 to AX; = AXjmax in constant intervals (A max is
the maximum shift corresponding to the maximum magnitude of the velocity component in
the monochromator’s direction, which is v;sin 90°). Consequently, the intensities f; can be
expressed as a vector I; corresponding to the array of A);’s.

Symmetry suggests that we need only consider one red-shifted quarter and another blue-
shifted quarter as our final solution. We now consider all v;’s corresponding to all v¥’s on the
surface of the cone (all the components of the 0° distribution at an angle v7). The relative
intensities f; of the initial distribution (the intensities of the 0° spectrum’s profile) are used
to weight the v;’s corresponding to the v?’s (see fourth assumption). The intensity takes the

following form:

k
I'=>"Lf; (5.6)
i=1

where k is the number of v{’s in the initial distribution (note that in this notation all vectors
I; are padded with zeros to have them all in the same length).

Last, we consider all cones of scatter spanning from 4 = 0° to ¢ = 90°. Once again, for
computational reasons a discrete set of ¥; angles is chosen. Therefore, each angle ¢; has a
corresponding intensity I;- (this corresponds to the velocities of the 0° distribution in the v,
direction, where v; = v? sin(t;)). A weighting function g; is assigned to each angle of scatter

(see third assumption) and the total intensity is expressed as,

P
Ir = Z g5, (5.7)
=1

where p is the number of angles 1; (note that in this notation all vectors I;- are padded with

zeros to have them all in the same length).

5.5.4 Results of the model and discussion

The model was programed using MATLAB, where its main structure is as follows:
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Figure 5.25: Comparison of the experimental spectrum that was obtained at an observation

angle of 90° relative to the modelled spectrum.

1. Input: the experimental energy distribution (spectrum) that was taken at a 0° angle
relative to the beam was inserted into the program, where the intensity was used as
the weighting function f; (see eq. 5.6). The weighting distribution function for the
angles of scatter (the function g; in eq. 5.7) was set to be uniform, which assumes that
the scatter has the same probability for any angle (the results slightly improve for an
exponential weighting function).

2. The main part of the program: the intensity versus the wavelength shift is calculated

based on the model.

3. Adding a Lorentzian: the unshifted peak of 6563 A is represented by a Lotentzian. The
Lorentzian hailf-width was set by the experimental half-width of the same spectrum

that is reconstructed.

4. Convolution: the program was made to convolve the response function of our instrument
with the resulting theoretical spectrum. Note that this did not change the results
significantly.

5. Scaling and plotting: both spectra were normalized with respect to the unshifted peak

for comparison.

A comparison of the experimental spectrum to the modelled results is presented in Fig.

5.25. Since all spectra that were taken ai an observation angle of 90° relative to the beam
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Figure 5.26: Results from the model for input voltages of —3, —4, —5 and —6 kV. The 4

reconstructed spectra overlap.

show the same profile, the choice of the experimental spectrum was arbitrary. In the figure
the experimental spectrum was taken for a pressure of 20 mTorr, cathode voltage of —6 kV,
anode-to-cathode distance of 20 cm and at 1 ¢m from the cathode edge. The experimental
spectrum (energy distribution) that was used for the model calculation was taken for the
same conditions, focussing on the cathode centre at an observation angle of 0° relative to the
beam. Clearly, the model results agree with the experimental spectrum. However, there is
a slight discrepancy, which is caused by the slight asymmetry of the experimental spectrum.
Note that the blue-shifted wing cuts off at ~ 10 A whereas, the red-shifted wing cuts off at
~ 12 A. This might result from the experimental set-up, where the monochromator is aligned
at an observation angle of 90° relative to a point on the beam at the centre of the cathode.
When scanning along the beam the angle slightly exceeds 90°, therefore, a small component
of the beam can cause a broadening of the red-shifted side.

In section 5.2, the spectra taken at an observation angle of 0° relative to the beam were
found to be independent of pressure and anode-to-cathode distance. They were also found to
maintain the same distribution along the beam (section 5.3). Since these energy distributions
are inserted into the program as an initial starting point, the model results presented in Fig.
5.25 must agree with all 90° experimental findings that were presented in this section.

The experimental results presented in this section relate to variations in pressure, anode-
to-cathode distance and position along the beam. Figure 5.26 presents the model results
for 4 reconstructed spectra. The 4 spectra that were used in the model were taken for an

observation angle of 0°, a pressure of 20 mTorr, anode-to-cathode distance of 20 ¢m and for
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" Figure 5.27: The experimental spectra taken for cathode voltages of —3, —4, —5 and —6 kV,
showing that broadening is independent of the cathode voltage.

cathode voltages of —3, —4, ~5 and —6 kV. Clearly the 4 reconstructed spectra overlap,
implying that the broadening is independent of voltage. This is an unexpected result since
that previous energy measurements showed a linear dependence on voltage (sections 5.2 and
5.3).

Figure 5.27 presents 4 spectra taken at an observation angle of 90° relative to the beam,
1 cm outside the cathode, for a pressure of 20 mTorr and cathode voltages of —3, —4, -5
and —6 kV. The spectra were normalized by the base broadening. Clearly, the broadening
is independent of the applied voltage. This can be explained by considering the reduction of
the intensity of the larger shifts. The 90° components, which become smaller with smaller
angles of scatter, enhance the intensity of the lower shifts. The components pointing in the
monochromator’s direction further enhance the intensity of the lower shifts. Finally, the
larger shifts in the initial energy distribution are less intense (the outer part of the spectrum
representing the HY ion specie is significantly less intense). This also explains why the results
of the model are not affected significantly when weighting the scatter angles (1;) with a linear
or exponential functions (g;). These functions reduce the larger shifts intensities, which are

small.

5.6 Summary and conclusions

The beam profile was systematically studied with spectroscopic measurements, obtained from

the three regions: cathode, cathode edge-to-anode and anode-to-wall. Measurements in the
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cathode region confirm previous work [1], showing that the energy represented by the Gaus-
sian peaks is the same for all three species. The distributions presented in Fig. 4.5 (chapter
4) suggest that this energy is close to the maximum energy gained by the potential depth,
where this is further supported with previous experimental results of Khachan et al. [1,2].

The ion energy was also found to be independent of cathode-to-anode distance and of
pressure for the experimental conditions presented in this work. Since the minimum in the
potential is found at the cathode edge and is mostly dependent on the cathode geometry,
material and bias, moving the anodes closer or further from the cathode does not affect the
energy distribution, which is formed mostly in the cathode region. The energy independence
of pressure can only be explained with a model including electronic and ionic processes in
the cathode, which is out of the scope of this work. However, these results imply that
the maximum potential depth is independent of pressure for the experimental conditions
presented in this work (5 — 30 mTorr). Therefore, the ion energies (represented by the
Gaussian peaks) are an estimate of the potential depth. In this work experimental results
showed a neutral atom energy equivalent to ~ 60% of the applied voltage, which implies that
for the experimental set-up of this work the maximum potential depth of the well was ~ 60%
of the applied voltage.

Results for the asymmetric systems (placing the two anodes at different distances from the
cathode) agree with the results presented for the symmetric systems, where the ion energy
was found to be independent of asymmetry and was the same as in the symmetric case.
This implies that each of the two potential wells, established on each side of the cathode,
is identical to the wells established in the symmetric system for the same anode-to-cathode
distance. This further supports the fact that the potential minimum and its position are
mainly influenced by the cathode geometry and material (and bias).

Energy measurements taken at an observation angle of 30° relative to the beam and along
the beam agree with the measurements in the cathode region. The energies were found to
be independent of pressure, cathode-to-anode distance and were also found to be constant
all along the beam. This implies that the spectra obtained at 30° angle to the beam are a
component of the 0° spectra at that angle (the neutral atom trajectories are in the direction of
the beam but the emission is collected at 30° angle to the beam). The results further support
the fact that the energy distribution is created mainly before exiting the cathode, where at
each point along the beam a sample of this distribution is found (energies are constant along
the beam}.

Energetic red-shifted neutral atoms were found next to the chamber wall. The broadening
of the energy distribution reached ~ 2.5 keV for a cathode voltage of —4 kV, which is ~ 60%
of the applied cathode voltage. This implies that neutral atoms are reflected from the wall,
explaining the symmetry of the blue-shifted and red-shifted wings in the anode-to-wall region.

Energy measurements perpendicular to the beam agree with all previous results, showing
that energy is independent of pressure, cathode-to-ancde distance and position of observation
along the beam. The spectra show a broadening of ~ 11 A at their base, which implies that

there may be a radial component of the velocity of neutral atoms towards the beam. However,
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it was suggested that the broadening is caused by the emission perpendicular to the beam,
which originates in neutral atoms scattered from the beam. The scattered neutral atoms are
a small component of the directional beam, and therefore, the emission from the directional
component of the beam is much more significant at an observation angle of 30° relative to
the beam axis. A model was developed to predict the spectrum line profile, which was found
to agree with the experimental results. Moreover, the model predicted that the profiles of
the 90° spectra should be independent of voltage, which was confirmed experimentally.
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Chapter 6

IE.C Fusion Rate Estimates

This chapter presents fusion rate estimations for a conventional IEC device, which also demon-
strates another application of the charge exchange model. The modelling is presented followed
by results and discussion, which are compared to experimental results obtained by Thorson
et al. [5].

6.1 Background and motivation

Although the main principles of operation of IEC devices are confinement by using a po-
tential well and beam-beam fusion interactions in the cathode core, many experiments are
carried out in the mTorr regime where the operation of the device does not strictly follow
these principles. Hirsch [1] experimented with an IEC device while using ion guns to in-
ject deuterium and deuterium/tritium ions into the chamber. He reported 10'° n/s neutron
production rates (for D-T), but models based on a multi-electrode structure in the cathode
could not account for these measurements. Baxter and Stuart {2] developed a model that was
based on charge exchange, whicﬁ took place in the ion guns (see chapter 3). They explained
Hirsch’s experimental results by showing that the total fusion reactivity was a consequence
of the interaction of energetic ions and neutral atoms with the background gas. Miley et al.
and Nadler et al. [3,4] measured fusion reactivity while operating their devices at pressures
higher than 1 mTorr. If ions had to accelerate through a path of several cm between the
anode and cathode, most ions would have undergone charge exchange before reaching the
cathode. Considering that the charge exchange cross sections are orders of magnitude larger
than the fusion cross sections, it is more probable for the resulting fast neutrals to fuse with
the background gas rather than for the accelerating ions to fuse with ions in the cathode.
This is strongly supported by the experimental work of Thorson et al. [5] showing that the
neutron production rates are a result of beam-background interactions.

Theoretical modelling suggested the existence of a virtual anode at the cathode centre
{1,6-8] where Khachan et al. [9] and Thorson et al. [10, 7] measurements show a potential
well that extends from the cathode centre to the anode. The minimum of the potential was

found near the cathode edge, and therefore, the potential well was found to be asymmetric
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around its minimum (see Fig. 4.4). This implies that the maximum ion energy is gained near
the cathode edge and not at the centre of cathode. Moreover, in chapter 4 it was suggested
that high fluxes of ions diverge from the cathode centre while undergoing charge exchange to
become neutral atoms.

In this chapter it is shown that the “blue shift” phenomenon (see discussion in chapter
4) can account for measurements of fusion rates in IEC devices operating in the mTorr
regime. D-D fusion neutron production rates were estimated for an IEC device with the use
of the charge exchange programs (presented in chapter 3). These were compared with an
experimental study of neutron production rates for D-D interactions carried out by Thorson
et al. [5].

6.2 Modelling and numerical results
The fusion rate for two interacting species is given by the expression,
R = Vrnnjve (6.1)

where V is the volume of reactivity, n; and n; are the number densities of the two interacting
species, v is the relative velocity of the two species and ¢ is the fusion cross section. Therefore,
estimating fusion rates requires knowledge of the density distributions and their energies along
the beam. Although it is possible to use Monte Carlo simulations {11] or numerically solve
the Boltzmann equation [2], here the semi-analytical method [12] was used to find the density
and energy distributions of neutral atoms along the beam (see model in chapter 3).

Neutron production rates measured by Thorson et al. [5] showed a linear relationship
between the ion density and the rate. Moreover, the ion density was estimated to be 4
orders of magnitude lower than the background density. This suggests that the beam-beam
interaction was negligible in comparison to the beam-background interaction. They also
reported that most (90%) of the fusion reactions took place outside the cathode. This implies
that either most of the ions have charge exchanged before reaching the cathode or that the
“blue shift” phenomenon was responsible for the creation and divergence of neutral atoms
from the cathode. Nevertheless, the virtual anode at the cathode centre prevents energetic
beam-beam interactions to occur at the centre of the cathode. The model presented here
assumes that charge exchange is dominant (for pressures above 0.5 mTorr) and that the
neutral-background fusion interactions are more significant than the ion-background fusion
interactions. It is also assumed that ions are trapped in the potential well (extending from
the cathode centre to the anode) until they undergo charge exchange and exit the cathode
region as neutral atoms.

The programs that were used to calculate the fusion rates are an extension of the pro-
grams for the potential well case presented in chapter 3. The experimental potential well
measurements [9, 10] were used to estimate the potential that was used in the simulations
{see Fig. 4.4). The charge exchange cross sections for D:—Dg (where ¢ = 1, 2, 3) are similar

to those of H;L—Hg [13], and therefore, it is assumed that the charge exchange process is
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Input:

potential, anode to cathode distance, pressure,
ion density fraction, number of oscillations

v

Body:

charge exchange model,
fusion rate calculation

!

ion/neutral density distribution, energy distribution,
fusion rates

Output:

Figure 6.1: A schematic showing the three main parts of each program, which are based on

the method and programs presented in chapter 3.

similar in both cases. As a first order approximation, initial densities of D¥, DI and D;“
ions were assumed to start the process at the centre of the cathode (the “blue shift” phe-
nomenon presented in chapter 4). Although the DF, D species create more cold DJ ions
along the path, in this first order approximation the D;‘, D;’ and DT programs remained
separate from each other and the newly created D; ions were not fed back into the program
of the DI specie. The fusion rate estimates were based on the distributions of the neutral
atoms resulting from the 3 charge exchange programs.

Figure 6.1 presents a schematic of the three main parts of each program. The input
includes the features of the potential, the distance between the cathode centre and anode,
the gas pressure, the fraction of ionization of the gas and the number of oscillations of the
ions in the well. For the number of oscillations, a number larger than 4 oscillations was found
sufficient for the neutron production rate calculations. The charge exchange process reduces
the ion energies and the fusion production rate does not change significantly for a larger
number of oscillations. In the body of the programs the neutral atom density and energy
distributions were calculated along the potential well. Experimental charge exchange cross
sections [13, 14] were used in the calculations.

Once the densities and corresponding energies were determined, fusion rates, R, were

calculated with
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Figure 6.2: Modelled neutron production rate as a function of potential depth for the three
ionic species (D%, DI, D).

R = Zn(b) ( (f) (f ) , (6.2)

(f)

where n® is the background gas density, n;’’ is the fast neutral atom densities resulting

(5

from charge exchange, v;’’ is the absolute magnitudes of the velocities of the neutral atom

) and o is the fusion cross section corresponding to ’vgf }. The experimental fusion

densities n;
cross sections were taken from Kaye and Laby [15]. Note that in this expression the units of

R are reactions per unit volume per unit time.

6.3 Results and discussion

6.3.1 Neutron production rate dependence on voltage

The model described in section 6.2 was used to reproduce the experimental neutron produc-
tion rates of Thorson et al. [5], which their work was carried out on an IEC device at the
University of Wisconsin in Madison. Fusion neutron production was carried out using Ds
gas for cathode voltages ranging from —20 to —60 kV and for background pressures of ~ 1.2
mTorr and ~ 1.8 mTorr. The neutron production rates were found to increase monotonically
with voltage and were in the range of 0.2 x 108 — 5 x 10% (n/s).

The neutron production rate estimates from the model, for the three ionic species, are

presented in Fig. 6.2. Since the cathode radius was 0.05 m, the minimum in the potential
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was assumed to occur at 0.05 m. The potential depth was varied between —5 and ~40 kV
and the pressure was set to 2 mTorr. The density of ions was set to 107 of the background
gas density, which is the density estimate of Thorson et al.

Using the D; specie, which is the most abundant, the estimated fusion rates were in the
order of 10° and 101° n/m3s. In order to compare these with the experimental results, an
estimate of the fusion reaction volume was made. Thorson et al. showed that most neutrons
were produced outside the cathode region, and therefore, it is reasonable to estimate the
active radius to be 3 or 4 times the cathode radius (~ 0.15 — 0.2 m, which is the distance
from the cathode to the anode mesh). Using the volume obtained from the reaction radius,
it is found that the estimated fusion rates should be multiplied by a factor of 103, Another
consideration that affects the production rates is the depth of the potential. Previous mea-
surements of the potential showed that the depth of the potential well varied between 25%
and 60% of the applied cathode voltage [9,10}. By estimating the depth of the potential to be
in the range of ~ 30% to ~ 50% of the applied cathode voltage, it was found that modelled
and experimental fusion rate results were in good agreement.

The rates from the DY specie, however, were found to be an order of magnitude greater
than the total measured rates (note that the experimental rates are given as the total neutron
production rates with no distinction between the 3 ionic species). This is expected since the
Dt is the lightest specie hence the fastest, where the rates largely increase with increasing
velocities. However, the DT is the least abundant among the three species and this can
reduce the estimated rates by a factor of 10 or more (note that the initial density used in
the simulation was the same for all 3 species). The DJ specie is the heaviest and ,therefore,

contributes the least to the total fusion rates.

6.3.2 The dependence of neutron production rates on pressure and ion
density

Thorson et al. found that the neutron production rate is linearly dependent on the ion
density, which implies that fusion occurred by beam-background interactions. Figure 6.3
presents the modelled neutron production rate as a function of the ion density (in the figure,
the ion density is expressed as a fraction of the background density}. Using the experimental
conditions from Thorson, the minimum of the potential well was set at 0.1 m (the cathode
radius is 0.1 m) and the potential well depth was set to ~-7 kV. Note that this is 35% of the
applied voltage, which is closer to the lower limit of the potential depth and ,therefore, will
set a lower limit for the estimated rates. The calculations were carried out for pressures of
4.5, 14 and 52 mTorr. From eq. 6.2 it is clear that the rate depends linearly on the ionization
fraction and therefore, agrees with the experimental resuits.

Figure 6.3 implies that there is an optimum pressure for a maximum neutron production
rate. Thorson set the pressures to ~ 0.6, ~ 2 and ~ 7.5 mTorr, where the neutron counts
were largest for ~ 2 mTorr, second largest for ~ 7.5 mTorr and lowest for ~ 0.6 mTorr.

These results can be explained qualitatively with the estimated neutron production rate as
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Figure 6.3: Modelled neutron production rate as a function of the ion density and for pressures
of 4.5, 14 and 52 mTorr. Note that the ion density is expressed as 10™% of the background
density.

a function of pressure. The conditions were set to be the same as for Fig. 6.3, where the
ion density was set to 107* of the background gas density. Figure 6.4 presents the modelled
results, where it is evident that the neutron rate is a maximum at ~ 21 mTorr and then is
reduced for higher pressures. This is a consequence of beam-backround fusion interactions,
where for pressures higher than the optimum pressure, charge exchange significantly reduces
the energies, and for pressures below the optimum pressure there are not enough cold gas
targets.

The shape of the curve is in agreement with a similar plot presented by Baxter and
Stuart [2], however, their maximum production rate was found at ~ 45 mTorr. In their
model, ions were accelerated in ion guns for a distance of 0.05 m and the accelerating potential
was set to more than 10 times the input potential depth that was used in our model (these
were Hirsch’s operational conditions). The position of the peak was found to be dependent
on the input voltage. Using the same input voltage as in Hirsch’s experiments the peak in
Fig. 6.4 shifts to ~ 45 mTorr (not shown here). Nevertheless, this curve explains Thorson’s
experimental results since it is evident that the rate corresponding to 14 mTorr is placed on
one side of the peak and the rate corresponding to 52 mTorr is placed on the other. However,
it seems that there is a quantitative discrepancy between the results presented in Fig. 6.4
and Thorson’s experimental results. In their results the peak is found at ~ 3 mTorr, whereas
our results show a peak at ~ 21 mTorr.

Thorson’s results show that the neutron production rate is ~ 0.2 x 10% n/s for a pressure
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Figure 6.4: Modelled estimates for the neutron production rate as a function of pressure.
The conditions were set to be the same as for Fig. 6.3, where the ion density was set to 107%
of the background gas density.

of ~ 2 mTorr {this is for the same experimental conditions mentioned above: cathode current
of 20 mA and cathode voltage of —20 kV, which is equivalent to a potential depth of ~ —7
kV). From Fig. 6.4 it can be seen that this is the same neutron production rate as for a
modelled pressure that is 7 times larger, which is ~ 14 mTorr. Note that the pressure (~ 21
mTorr) corresponding to the peak in Fig. 6.4 is also 7 times larger than the pressure (~ 3
mTorr) corresponding to the experimental peak. Figure 6.3 presents the modelled results for
each of Thorson’s pressures multiplied by a factor of 7. For these pressures, the rates in the
figure are found to be in good agreement with the experimental neutron production rates.
This result might suggests that the ion density is greater in the cathode region (therefore
the neutral atoms production is greater) than in other parts of the chamber. Thorson reports
that the gas pressures was measured in the vacuum chamber but not specifically in the
cathode. High densities of ions might be created in the cathode core due to significant
secondary electron ionization (the “blue shift” phenomenon assumes the creation of a high
density of ions in the cathode core [16]). The ions and the fast neutral atoms that are created
via charge exchange increase the total density in the cathode region. Moreover, Thorson
reports a local (not integrated on the entire cathode) high proton and neutron production rate
in the cathode region. Considering that the major contribution to the neutron production
rate is neutral-background interactions, this implies that there is a significant increase in

density in the cathode region.
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Figure 6.5: A reproduction of Thorson et. al. plot [5] of the neutron production rate as a
function of voltage for the three cathode radii of 0.025, 0.05 and 0.1 m {marked in the figure).

6.3.3 Neutron production rate dependence on cathode size

The charge exchange model predicts that the energy distribution of the fast neutral atoms
changes with the distance travelled by the ions. Since the minimum of the potential was
found near the cathode edge, increasing the cathode radius will increase the ion path-length.
It is expected that this will slightly affect the neutron production rates. Thorson measured
neutron production rates for cathodes of different radii. They set the cathode current {o 20
mA, pressure to ~ 2 mTorr and varied the cathode voltage between —20 and —45 kV for
cathode radii of 0.025, 0.05 and 0.1 m. The neutron production rates were found to be in the
range of 10° to ~ 2 x 106 n/s, where the rates for the 0.1 m cathode were found to be the
highest of the three measurements. A reproduction of the neutron produciton rates versus
voltage, from Thorson et al., is given in Fig. 6.5 for the three cathodes they used.

Figure 6.6 presents the modelled results for the same experimental conditions and cathode
sizes (the potential minimum was set at 0.025, 0.05 and 0.1 m). The modelled results were in
good agreement with the experimental results. This is for the experimental range where: (1)
the depth of the potential well was assumed to be 35%—50% of the applied voltage, which is
equivalent to a depth of 10 - 20 kV in the simulations results presented in Fig. 6.6, and {2) the
cathode current was ~ 20 mA, which equates to an ion density of ~ 10~% of the background
gas density that was used in the simulations. The neutron rates were approximately in the
same range and the shape of the curves agrees with the experimental shape. The model

also predicts the same distance between the two curves representing the 0.025 m and 0.1 m
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Figure 6.6: Modelled results for the neutron production rates as a function of voltage and
for three cathode sizes. This follows Thorson’s experimental conditions and cathode radii of
0.025, 0.05 and 0.1 m.

cathodes as in the experimental case. However, the experimental results show no significant
difference between the rates of the 0.025 m cathode and the 0.05 m cathode, whereas the

model does predict a difference.

6.4 Conclusions

Neutron production rates were estimated for an IEC device operating in the mTorr regime
and compared with experimental measurements taken by Thorson et al. [5]. It was assumed
that charge exchange is dominant and, therefore, the calculations were based on collisions
of neutrals with the background gas. The modelled results were found to agree with the
experimental range of rates and they further support the results of Baxter and Stuart [2],
which showed that the neutron production rates in Hirsch’s experiments [1] were mainly a
preduct of neutral-background fusion interactions.

Referring to the “blue shift” phenomenon [16] presented in chapter 4, it was suggested
that large densities of ions were created in the core of the cathode and exit the cathode due
to a potential well structure that accelerates ions away from the centre, leading to a majority
undergoing charge exchange and exiting the cathode as neutrals. In chapter 4 spectra were
reconstructed that support this hypothesis further. In this chapter experimental neutron
production rates were explained by using the same concepts. Furthermore, Thorson et al.

found that the neutron production rate was independent of the transparency of the cathode
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for transparencies of 91% to 96% (this was done by varying the cathode wire thickness).
If the ions were to converge to the cathode centre and fuse by beam-beam interactions,
the fraction of the ions colliding with the surface of the cathode should increase with a
decrease in transparency and as a result, the fusion rate should decrease. However, if we
consider the suggested hypothesis, there should not be any rate dependence on transparency
(in their experimental range); The ions striking the inner cathode surface will deflect, charge
exchange and the resulting neutral atoms will still contribute to the total measured rate.
The independence of the fusion rate from cathode transparency could also be explained if we
consider ions converging to the cathode. These would undergo charge exchange and become
neutral atoms that fuse with the background gas. However, this would not account for the
high local measured fusion rates in the cathode region, which was reported by Thorson et al.

Thorson et al. also carried out experiments with different cathodes made from stainless
steel, titanium and tungsten cathodes. The neutron production rates for the titanium and
tungsten cathodes were found to be the same, whereas, there was a small increase in the
neutron production rates for the stainless steel cathode. Since the ionization in the cathode
core is greatly dependent on the secondary electron production, it is likely that different
cathode materials will slightly influence the ion density in the cathode and the depth of the
potential well. Considering the suggested hypothesis of diverging ions from the cathode, there
should be a slight difference in the neutron production rates for different ion densities that

are created in the cathode.
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Chapter 7

ICR Device: Physical Principles
and Modelling

In this chapter the physical principles of operation of the ICR device are presented. A two
dimensional charge exchange model is developed, extending the charge exchange model that

was presented in chapter 3.

7.1 Introduction

Even though the original intention of inertial electrostatic confinement was for energy pro-
duction, it has mostly been used as a compact neutron source (see chapter 1). In particular,
this was found to occur due to energetic neutrals and ions undergoing fusion reactions with
the background gas. Consequently, part of the aim of this thesis was to maximize the neutron
production rate due to beam-background fusion. In this chapter, a device is presented that
resonantly accelerates ions in the background gas using ion cyclotron resonance (ICR device).
This device was designed to be an alternative compact neutron source and therefore, the ratio
of input to output power is of less concern. However, the efficiency of the neutron production
rate was estimated. _

IEC devices have produced between 10° — 10° n/s for D-D interactions and 2 — 3 orders
of magnitude more neutrons for D-T interactions (see chapters 1, 6). Considering the “ion
divergence” phenomenon that was presented in chapter 4, the dominant neutral atoms dis-
tribution in the spectrum was suggested to result from ions created at the cathode centre,
which diverged out of the cathode via a potential well (see chapters 5, 6). When measured
from the cathode centre, the depth of the potential well in the IEC device was found to be in
the range of 20% to 60% of the applied cathode voltage (see chapter 4). Consequently, the
ions do not gain the maximum possible energy and, therefore, the fusion rate does not reach
the maximum theoretical amount. Furthermore, the very high voltages required to reach
commercially acceptable neutron rates may result in arcing and melting of the cathode. It
has also been suggested that beam-beam interactions (for a solid cathode device) are small

in comparison with beam-background interactions [1].
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Experimental measurements show that the maximum neutron production rates are achieved
at background gas pressures of ~ 3 mTorr (the pressure was not measured in the cathode) [1).
The charge exchange model also predicts an optimum pressure for a maximum neutron pro-
duction rate but for gas pressures in the order of tens of mTorr in the cathode (depending
on the cathode voltage) [2] (see chapters 6). This was found to be a consequence of beam-
backround fusion interactions.

The ICR device is a cyclotron that was designed to be a gas target neutron source. This
device is expected to accelerate the ions to high energies while applying a relatively small
voltage on the electrodes. Moreover, the device can be made compact in size (for a Df ion
energy of 100 keV and a magnetic field of 0.6 T the radius of the device is ~ 15 cm. For
the same ion energy and for a magnetic field of 1 T, the radius of the device is ~ 9 cm).
Since the targets are cold gas atoms, there is no deterioration of the targets. The aims in
this work were to build a prototype of the device and obtain initial energy measurements. A
two dimensional charge exchange model was developed and compared with the experimental
results. The same mode] was used to estimate the optimum operating conditions and to

calculate the expected fusion rates.

7.2 Physical principles of operation

The ICR device is a cyclotron, which is designed to produce neutrons from fusion interactions
of hot neutral atoms with the background gas. The distribution of energetic neutral atom
densities is created by charge exchange. The energies of the spiraling ions have a maximum
value, which is bounded by the walls of the device or by the physical volume that the magnetic
and electric fields occupy (the “active volume”).

The charge exchange model {presented in chapter 3) was used to predict energy distribu-
tions and estimate the neutron production rates for the ICR device. Since the semi-analytical
model requires explicit knowledge of the positions and velocities of the ions, we briefly derive
the solutions of the equations of motion for ions in a cyclotron while also presenting the
physics involved.

In a cyclotron, an alternating electric field accelerates the ions linearly, whereas an addi-
tional magnetic field that is applied perpendicular to the electric field bends the ion trajectory.
If the electric field alternates with the ion’s velocity component that is parallel to the electrie
field (resonance condition), the resulting ion motions becomes a spiral.

For a partially ionized plasma that is subject to an alternating electric field E and a
perpendicular constant magnetic field B, the Lorentz equation of motion describing the force

working on the ions is,

myit; = e [E (r,£) + r; x B(r, t)] (7.1)

where m; and e; are the ion mass and charge, respectively. When working with Cartesian
coordinates eq. 7.1 can explicitly be written as two equations describing the acceleration of

. A S
the ion in the X and s\r directions:
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T = ay (7.2)
y = [PBcos(wt)—azx (7.3)
where o = e%l, and 3 = % Note that B is applied in the z direction and E alternates

along the :1:3/} direction with a constant angular frequency w.
Differentiating eq. 7.2 with respect to ¢ and substituting in eq. 7.3 gives:

& + o’ = of cos(wt) (7.4)
Let
Z=1. (7.5)
Equation 7.4 can be written as,
%+ a’z = v cos (wt) (7.6)

Equation 7.6 is classified as a non-homogeneous second order differential equation, where
¥ = af. The general solution of eq. 7.6 can be constructed from the particular solution of
eq. 7.6 and the general solution of the homogeneous equation (the homogeneous equation is
the same as eq. 7.6, where the right side is made zero).

The particular solution has the following form:

zg = At cos(wt) + Btsin (wt) (7.7)
Substituting the particular solution into eq. 7.6 results in 4 conditions. From these conditions

we derive that A =0, B = g and & = w. Substituting these into eq. 7.7, the particular

solution becomes:

zZg = gt sin{ o) (7.8)

The general solution of the homogeneous equation takes the form,
zp, = C cos(wt) + Cy sin (wt) (7.9)

and therefore, the general solution of eq. 7.6 is:

2 = zp + 2 = Cj cos(wt) + Casin (wi) + gt sin(wt) (7.10)

Equation 7.10 describes the component of the ion’s velocity in the X direction. Imposing the
condition that at ¢t = 0 the ion’s velocity is, £ = 0, from eq. 7.10 the constant C; is found to
be: 'y = 0. Differentiating eq. 7.10 results in the ion’s acceleration in the X direction:

z = Cowcos (wit) + g—sin(wt) + %ﬁt cos{wt) (7.11)
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On resonance the ion’s velocity component in the 9 direction is constantly pointing in the
direction of the alternating electric field. From eq. 7.3 it is clear that the electric field is at
maximum magnitude when ¢ = 0 whereas, the ion’s velocity component in the S\r direction
should be zero because its direction of motion reverses at this point. Therefore, from eq. 7.2
it is clear that when ¢ = 0 the ion’s acceleration in the X direction is zero. From this condition
we find that C = 0. Inserting, C> = 0, into eq. 7.10 and changing variables (z = z), results
in the solutions for the ion’s velocity in the X direction:

T = —g—t sin{at) (7.12)

Integrating eq. 7.12 and imposing the condition that at ¢ = 0 the ion is positioned at

A
x = 0, the solution for the ion’s position in the x direction is,

r= ;% sin (at) — %tcos(at) (7.13)

The velocity component in the 9 direction is derived from eq. 7.2:

iy = 5% sin (at) + gt cos(at) (7.14)

Integrating eq. 7.14 and imposing the condition that at ¢ = 0 the ion is positioned at y = 0,
the solution for the ion’s position in the S\f direction is,

y= %t sin({ot) (7.15)

It is clear that the ion motion is spiral, where the sine and cosine functions in eqs. 7.13 and
7.15 are responsible for the back and forth osciilations, and the linearity in { is responsible
for the increasing amplitude with respect to time.

Equations 7.12, 7.13, 7.14 and 7.15 are explicit solutions for the ion’s path and velocity
when subject to the stated physical conditions (additional information is found in references
[3-6]). The resonance condition {w = ) states that the angular frequency of the system is:

__elB

m

(7.16)

Since the frequency is mass dependent, only a single specie of ions can be accelerated in
the device for a given frequency. In this work the more abundant H} specie was chosen.
Considering that the magnetic field in the device was set to 0.6 T, the device was made to
operate at a resonant frequency of 4.57 MHz (see eq. 7.16).

In chapter 8 spectroscopic measurements were obtained from the ICR device. The ex-
perimental energy distribution of the neutral atoms depends on charge exchange taking place
in the active volume of the device. Next, the energy distribution of neutral atoms is modeled

for the physical constraints of our device.
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7.3 Modelling the energy distribution of neutral atoms

7.3.1 The two dimensional charge exchange problem for spiral motion

The two hollow electrodes of the cyclotron enclosed an active region of 9 cm along the X
axis, 9 cm along the Y axis and 0.5 ¢m along the Z axis, where the constant B field was
applied in the Z direction and the alternating E field was applied in the Y direction (these
definitions are as in section 7.2. A schematic of the system is presented in Fig. 8.1). The
gas in the active volume was partially ionized and the ions spiraled in the X-Y plane. We
simulated the physical conditions with a uniform distribution of ion sources placed on a
surface perpendicular to the magnetic field and considered the ion motion in this plane (X-Y
plane). In this approximation the distribution of ion sources in the entire active volume is
restricted to a single X-Y plane and the solution is for all sources of ions spiraling on the
surface (the separation of the parallel plates of each of the electrodes was ~ 0.4 cm. This is
in the range of the line integration of the emission, where a lens was used to image different
regions of the active volume onto the slit of the monochromator). Although the electric field
was assumed to act on the ions mostly in the gap between the two electrodes (along a 2 cm
gap in the centre of the volume), we simplified the problem and assumed that the field was
constantly acting on the ions.

The ions of each source on the surface accelerate in a spiral motion while some of the ions
undergo charge exchange and produce new c¢old ions on the spiral path. The new cold ions
(creating new sources) will spiral further and can undergo charge exchange while creating
other new sources.

Figure 7.1 illustrates the problem, where the spirals are the plotted solutions of the
equations of motion presented in eqs. 7.2 and 7.3. The calculations were carried out for the
Hy specie, for a magnetic field B = 0.3 T (although the experimental magnetic field was
0.6 T, the ion path-length is ~ 1 m for both cases with a 0.04 m difference between the two
path-lengths), for an electric field amplitude Eamp = £20 kV/m and for a maximum ion
energy of 10 keV.

The figure presents ions spiraling from the centre of the device until they gain maximum
energy, which is limited by the radius of the active volume. At the maximum chamber radius
the ions hit the walls and neutralize. Otherwise, the ions simply escape to the field free part
of the chamber since part of the chamber is outside the magnetic field region. Furthermore,
the figure shows one of the newly created densities of ions on the main spiral, where the ions
accelerate in a smaller spiral motion which branches off. The branching spiral is smaller since
it is restricted by the radius of the active volume. New densities of cold ions will be created
along the smaller spiral’s path and become new sources for spirals, which will branch off the
smaller spiral.

Mathematically there are an infinite number of spirals of various lengths to consider,
however, in practice the system is open (ions are lost from the system) and the total density
of new cold ions that is created {out of an initial density distribution starting the process)

decreases with time and the process can be stopped when the newly created ion density
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Figure 7.1: The figure illustrates a newly created source of ions branching off from the big

spiral to a new smaller spiral.

becomes small in comparison to the initial density starting the process.

7.3.2 Modelling with a grid approximation method

The charge exchange modelling is based on the semi-analytical method presented in chapter
3. In chapter 3 the modelling was carried out for a one dimensional ion motion (along a
straight path), where the ion path was divided into small segments. In this two dimensional
problem the spiral path is divided into small segments but in addition, the surface is divided
into a regular grid of points (see illustration in Fig. 7.2).

Starting with an initial surface ion density distribution Ft-l!j, each density is positioned
on a grid point (4,7 is the grid point index). From each grid point the ions accelerate along a
spiral path while undergoing charge exchange. FEach spiral length is restricted by the radius
of the active volume of the device. If there are T' x T grid points, the ions of T2 densities
will spiral to the edge of the active volume. Therefore, each spiral on a grid point will have a
total of k77 segments, where the number of segments depends on the length of the spiral. 1
and J are equal to the starting values of i and j of a grid point. So I and J keep track of the
grid point that an ion started from (k’/ is the number of segments of a spiral path created
by ions that started to accelerate from a grid point 4, ;).

For each spiral the fractions of ions charge exchanging in each segment and their asso-
ciated energies are calculated with the semi-analytical method presented in chapter 3 (this
is the motivation for section 7.2). The computation time was minimized by carrying out the

calculation only for the largest spiral (for the density starting at the centre of the device).
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Figure 7.2: An illustration of the grid points (dots) representing the surface of the active
cyclotron volume and the spiral motion of the ions from the centre (stars). The number of
grid points on the surface and number of segments on the spiral are the two free parameters

in the simulations (note that a segment on the spiral extends between two stars).

It was unnecessary to carry out the same calculations for all other spirals since the results
would be the same as those of the longest spiral but truncated at a point that depends on
the length of the spiral.

A simplifying approximation is made whereby each newly created ion source on each
spiral is placed on its closest grid point. This approximation states that new ion densities
are created only at grid points, and therefore, new spirals always originate from grid points.
It is clear that the approximation improves with increasing number of grid points (see Fig.
7.2).

More formally, an energy cubic matrix E/” (a matrix that has a third dimension into and
out of the page) is assigned to a spiral starting at a grid point %, j. The ions spiral from this
grid point while passing through or close to other grid points on the surface (see Fig. 7.2).
Therefore, we can register the energy of the ions accelerating from the beginning of the first

segment to the end of the n segment on the spiral as the element E!7

! in the cubic matrix
tﬁjﬂn

E!’, where i,  are the coordinates of the closest grid point to the n segment (note that n is
also the index of the third dimension of the cubic matrix). As an example, let us refer to ions
spiraling from a grid point positioned at the centre of the device, for 25 grid points (5 x 5
grid) and for 8 segments on the spiral. The energy cubic matrix E?* can take the form,
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0 0 0 0 0] [0 0 0 0 0]
0 0 0 0 0 0 0 0 Bygpnp 0
i1 = |00 Eazgamr 0 0|,Elja=1[000 o0 0, (7.17)
00 0 0 0 000 0 0
0 0 0 0 0 0 0 0 0 0]
[0 0 0 0 0 ] [0 0 0 0 0]
00 0 0 0 000 0 0
b 0 0 0 0 Esspcs| Eiga=[0 00 0 of,
0000 0 0 0 0 Ejgna O
0 0 00 0 | 0 0 0 0 0]
[0 0 0 0 0] [ 0 0 0 0 0
0 0 000 0 0000
i 0 0 00 0f,E = |Esins 0 0 0 0],
0 Egon-s5 0 0 0 0 0000
0 0 00 0 0 00 0 0
0 0 0 0 0] 0 0 Eygp-psseg 0 0
0 Eygner 0 0 0 00 0 00
33 33
A7 0 0 00 0f,E;5=10 0 0 0 0
0 0 00 0 0 0 0 00
0 0 00 0 0 0 0 0 0

Referring to the element Fs 4 ,—2, it states that the density of ions charge exchanging in the
second segment was found to be placed closest to the ¢ = 2,7 = 4 grid point and with an
energy that was gained while accelerating from the first segment to the end of the second
segment. The next element F3 5 ,—3 suggests that the density of ions charge exchanging in
the third segment was found to be placed closest to the i = 3,7 = 5 grid point and with
an energy that was gained while accelerating from the first segment to the end of the third
segment. The element E4 4,4 suggests that the density of ions charge exchanging in the
fourth segment was found to be placed closest to the i = 4,5 = 4 grid point and with an
energy that was gained while accelerating from the first segment to the end of the fourth
segment etc. If we insert all the non-zero i, j elements of the cubic matrix E” into a two

dimensional matrix, the spiral path of the ions becomes clear,

0 0 Eigpopmcs 0 0
0 Eaon=1 0 E4n—2 0
E” = E31n-6 0 E33n-1 0 E35n=3 (7.18)
0 E42n-5 0 Eyan—y 0
0 0 0 0 0 |
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Following the index n of the elements in the matrix, starting with n = 1 to n = 8 (which is
also the last k* segment), the ions spiral from the centre outwards.

Each energy element in matrix E/Y is associated with a fraction of newly created ions in
the n’th segment (equivalent to the fraction of ions charge exchanging in the n’th segment).
Therefore, the newly created ion density can be inserted into a cubic matrix P!/, which has
the same structure as cubic matrix E!Y. Referring to the same example of the matrix in eq.

7.17, the cubic matrix takes the following form,

0 0 0 00 [0 0 0 0 0
00 0 00 00 0 Pogpez 0
1 = |00 Pigas 0 0/,P5,=l000 o0 of, (7.19)
00 0 00 000 0 0
00 0 0 0 000 0 0
[0 0 0 0 0 ] [0 0 0 0 0]
0000 0 000 0 0
33 33
ij3 = |00 0 0 Bpnz|.Pi;4a=|(0 00 0 0f,
0000 0 0 0 0 Pygpg 0
0000 0 | 000 0 0
0 0 0 0 0] 0 00 0 0]
0 0 0 0 0 0 0 0 0 0
P:;,S = |0 0 00O ,Pi,sj,sz Pyi,—6 0 0 0 0],
0 Piop—s 0 0 0 0 0000
0 0 00 0] | 0o 00 0 o
0 0 0 0 0] [0 0 Pigngaag 0 O]
0 Popn—r 0 0 0 00 0 00
7 = [0 0 00 of,Phs=1]00 0 00
0 0 00 0 0 0 0 0 0
0 0 0 0 o 0 0 0 0 0

Referring to the element P 4 5,—» that corresponds to the element Fj 4 ,,—9, it states that the
fraction of ions charge exchanging in the second segment has created the same fraction of
cold ions closest to the i = 2, j = 4 grid point. The element Py 5 n—3 that corresponds to the
element Ej5,—3 states that the fraction of ions charge exchanging in the third segment has
created the same fraction of cold ions closest to the i = 3,7 = 5 grid point etc.

There are T? cubic matrices P!/, which hold the information of the fraction of cold ions
created at each grid point due to T? densities of ions spiraling from each grid point. There
are also 72 cubic matrices E/Y, which hold the information of the energies of the neutral
atoms associated with the densities in cubic matrices P!/, Next, an iterative process takes

place. The first generation of cold ions that are created at each grid point is,

D' = p} Pl (7.20)
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where F}, ; is the initial surface ion density distribution starting the process and I, J get the
values of the indexes 1, j respectively. This states that each element F}, s in the initial ion
sources distribution multiplies the corresponding P/Y cubic matrix associated with the same
grid point. Therefore, T2 cubic matrices D’! are formed. Before proceeding to the next
iteration, we use cubic matrices D?’! to find the new surface ion density distribution. This

is generated as follows,

1y k7

ZZD{;’} (7.21)

where the inner summation is on the k7 elements of the i, j coordinate in a cubic matrix
D!l and the outer summation is on the resulting element of the first summation for all 7%
cubic matrices D1 (summing the k'Y elements for the ¢, j coordinate of a cubic matrix,
and summing the results of all cubic matrices for the same i, j coordinate).

The newly created distribution F?; is inserted into eq. 7.20 and a new set of D/2 cubic
matrices is created. Inserting the D!/ 2 cubic matrices in eq. 7.21 results in a new generation
of a surface ion density distribution Efj, which is inserted into eq. 7.20 for the next iteration
(this results in the set of D//3 cubic matrices). The iteration continues for an § number
of generations and is stopped when the total sum of the resuiting new ion densities in eq.
7. 21 is small in relation to the total sum of the initial ion densities starting the process

T T
ZZFS+1 < ZZF'LI )
j=1i=1 j=1i=1
The total neutral atoms density distribution for an S number of iterations, having the

corresponding energies stated in eq. 7.17, is,

S
G’/ =) D" (7.22)

7.3.3 Programing

The major advantage of the grid approximation method of modelling is that it is relatively
easy to compute. However, since it is a two dimensional spatial problem, computer operation
time drastically increases in comparison to the programs presented in chapter 3. Figure
7.3 presents the general flow-chart of the program that was constructed to calculate energy
distributions and fusion rates for the ICR device. The program was computed in MATLAB.

The inputs (box (1)) for the program include the magnitude of the magnetic field, the
electric field amplitude, the maximum possible ion energy (equivalent to the maximum radius
of the active volume) and the initial distribution of ion sources on the surface. All other inputs
are the same as for the charge exchange programs that were presented in chapter 3. The semi-
analytical charge exchange model is used to calculate the fraction of neutral atom densities
that are created along the longest spiral (the spiral starting from the centre of the device)

and their associated energies (box (2)).
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Figure 7.3: The flow-chart of the program that calculates energy distributions and fusion

rates in the active volume of the ICR device. The program was computed in MATLAB.
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The program loops for all spirals at each grid point and for all segments on each spiral
(Boxes (3) and (5)). For each segment of a spiral the closest grid point is found, where the
fraction of neutral atoms created in the segment and its associated energy are inserted into
two cubic matrices (P77 and E’) at indexes corresponding to the grid point. This procedure
is relatively simple to compute since each spiral is a truncated part of the longest spiral and
the information that was calculated in box (2) is sufficient to construct the cubic matrices
E’Y and P!’ (Boxes (5) to (9)). The cubic matrices D'/, G!Y and the next distribution
of ion sources Fi%“ are calculated with eqs. 7.20, 7.21 and 7.22 (box (10)). The program
stops the iteration when the total density of the newly created ions is a ¢% of the initial total
density of ions starting the process (box (11)).

Once the GIY cubic matrices were constructed, various energy distributions could be
obtained (e.g. the energy distribution along the plane at different points on the plane or the
total energy distribution for the entire plane etc.). We refer to boxes (12) and (13) in chapter

8, where the model is used to explain spectrum measurements and to estimate fusion rates.

7.4 Summary

The ICR device is an alternative neutron producing device based on hot neutral and cold gas
target fusion interactions. It is a cyclotron, which is designed to accelerate ions in a partially
ionized gas to high energies. The distribution of hot neutrals results from densities of ions
spiraling in the active volume of the device while undergoing charge exchange and creating
more ion sources that further spiral and charge exchange. This process was modeled with a
two dimensional charge exchange model, which not only considers segments along the spiral
path but also the distribution of ion sources on a surface.

This design has several advantages: it is expected to operate at relatively low voltages,
solving the problem of arcing and cathode melting. The ICR device is a compact portable
neutron source, where it can accelerate D™ ions to energies of 100 keV in a radius of ~ 10 cm
for a magnetic field of 0.6 T. This corresponds approximately to the maximum fusion cross
section for D-T interactions, where the tritium could be the target (see chapter 1). In solid
target neutron producing devices there is a deterioration of the target, which is a problem
that does not exist in gaseous target systems such as ICR.

Next, spectroscopic measurements of energy distributions of the neutral atoms are pre-
sented. These measurements were obtained with an experimental prototype. The model
presented in this chapter was used to explain the experimental findings and to predict the

efficiency of the device.
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Chapter 8

ICR Device: Energy Distribution
and Fusion Rate Estimates

This chapter opens with a detailed report of the experimental apparatus, which enabled
spectrum measurements to be carried out. These are compared with model simulations. Last,
fusion rates are estimated with two models: the first is a one dimensional linear potential
approximation and the second is a two dimensional grid approximation.

An experimental prototype of the ICR device was built with the aim of verifying the
principles of operation and efficiency expectations. Measurements taken with the IEC de-
vice (see chapter 6, Fig. 6.4) show that gas target fusion is based on optimum pressures
corresponding to maximum neutron production rates. In the ICR device ions are expected
to gain high energies, however, for these optimum pressures charge exchange might reduce
the energies thus, lowering the fusion rates in comparison with the fusion rates of the IEC
device. In this chapter, energy measurements of neutral atoms and their dependence on
background gas pressure and applied frequency are presented. In addition, the spatial depen-
dence of the energies was found by obtaining spectra along the accelerating plane (following
the definitions in section 7.2, along the Y axis). The “grid approximation” model presented
in chapter 7 was used to simulate the experimental conditions. The optimum conditions for
neutron production rates were estimated with the “grid approximation” and “linear potential
approximation” (presented in chapter 3) models. The advantage of the calculations carried
out for the one dimensional model (“linear potential approximation”), is the relatively short
computer time required for a large variety of input conditions. Although the two dimen-
sional grid approximation is supposedly a more accurate estimation for the physical process,

it requires longer computer times.
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Figure 8.1: A cross section of the ICR device, which cuts through a cylindrical vacuum

chamber containing the assembly.

8.1 Prototype and experimental set-up

8.1.1 The vacuum chamber

Figure 8.1 presents a cross-section of the cylindrically vacuum chamber that housed the ICR
assembly. Referring to the figure, (1) is the aluminium cylindrical vacuum chamber, which
is 30 cm long and has a 15 ¢cm diameter. The chamber had a 15 cm diameter window that
enabled emission spectroscopy to be carried out. Parts (2), (3), (4) and (5) are ports with
diameters 10 cm, 3.4 cm, 10 ¢m, and 6.3 cm, respectively.

Two cylindrical Neodymium-Iron-Boron magnets (9 cm diam., 3 cm thick} were designed
to fit through the top and bottom ports of the device (labelled (2) and (4)). Each magnet
had a surface magnetic field of ~ 0.3 T. The top magnet (part (10)) was held in place with

an assembly of cylinders shown as parts (6) and (8). Part (6) is an aluminium cylinder,
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which is also used as the lid of the top port. Part (8) is a hollow aluminium cylinder cap,
which screws on to part (6). The magnet rests in the cylindrical cap, where it is possible
to raise and lower the magnet by screwing the cylinder cap. In order to keep the magnet
firmly in place aluminium slabs were placed in the space between the magnet and the full
cylinder (part (17)). A small hole was made in the hollow cylindrical cap for evacuation.
This same arrangement was used for the bottom magnet (part (11)), where part (7) is the
full aluminium cylinder and part (9) is the hollow aluminium cylindrical cap.

Since the magnetic field has to be relatively uniform, it is necessary to have the magnets
placed as close as possible to one another. However, the distance between the magnets is
limited by the thickness of the cylindrical casing (0.5 cm) and the width of the electrodes
(the width of the active volume was 0.4 ¢m). A gap of 0.2 cm was left between the electrodes
and cylinders so that the active electrode did not short to earth. Two slabs of ceramics of
0.2 cm thickness each were inserted in the gap (these are parts (18) and (19)). This set ~ 2
cm minimum limit on the distance between the magnets.

The two “D’s” (parts (13) and (12)) were designed to be two rectangular boxes, each
closed from three sides. The separation of the larger surfaces (D-plates} of the box was
made 0.4 cm, where each surface was made 9 c¢m long and 3.5 ¢cm wide. The alternating
electric field was assumed to be uniform in the gap between the two electrodes. However,
sheath effects change the uniformity of the applied electric field and the field also “leaks” into
the inner volume of the electrodes [1]. This can affect the resonance condition and the ion
energy distribution. Therefore, the accelerating gap between the two electrodes was made
relatively small (~ 2 cm). The active volume is a short cylinder formed between the D-plates
and magnet area, which is 7 X 92 x 0.4 cm3. The electrodes were held by posts that were
connected to the side ports (parts (14) and (15) in the figure). The posts could be shortened
or lengthened for fine adjustment. One electrode was grounded to the chamber, while the
other was connected to an RF source through an impedance matching box (the RF feed
through is part {16) in the figure).

Any E x B drifts in the device were ignored since we were only interested in neutron

production and not confinement, which is needed for energy generation (2, 3].

8.1.2 The apparatus

Figure 8.2 presents the apparatus that was used to obtain spectroscopic measurements. The
signal from an RF generator (Trio-Kenwood, SG-402) was amplified with a linear amplifier
{Kenwood TL-922) and an RF power amplifier (ENI 3100L) connected in series. Although
this allowed a power transfer of ~ 100 W, the power was limited to 50 W by arcing, mainly
in the matching box, but was sufficient to produce energetic ions and neutrals, as will be seen
by the Doppler spectrum. The matching box was built in-house with only 5% of reflected
power. Although the match was carried out for 4.57 MHz, it was possible to operate the
device in the range of 4.5 — 5 MHz.

The gas pressure was regulated with a mass flow controller. A rotary pump and a
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Figure 8.2: Schematic of the experimental apparatus that was used to obtain spectroscopic
measurements. Note that the active volume shown in Fig. 8.1 is exposed to the monochro-

mator through the window, where a line integration of emission is collected as seen in Fig.

8.4.
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turbomolecular pump (170 1/s) were used. Considering the relatively small volume of the
vacuum chamber, this enabled a base pressure well below 1 mTorr to be reached. However,
at 50 W the breakdown of the plasma was found to occur for pressures higher than ~ 25
mTorr and in the steady state it was possible to lower the pressure to a minimum of ~ 10
mTorr. For pressures lower than 10 mTorr the plasma switched off.

A linear diode array (Princeton Applied Research 1421G linear diode array (LDAY}) was
mounted on a 0.5 m focal length monochromator (Spex 500M}, having a resolution of ~ 0.04
nm. The pixels of the detector had a wavelength spacing of 0.015 nm.

The hydrogen plasma produced in the apparatus was found to be most intense near the
active electrode. Nevertheless, there was also a discharge throughout the active volume. The
position from which the spectra were obtained was located by using a glass lens to project
a real image of the regions of interest onto the entrance slit of the monochromator. Spectra

were obtained for the hydrogen H,, line.

8.2 Spectrum measurements

8.2.1 Energy distribution and resonance

In this section we present measurements of Doppler shift distributions of neutral atoms re-
sulting from Hg charge exchange, which are compared to the results of the model.

Figure 8.3 presents spectra obtained at 20 mTorr and power input of 50 W. The spectra
in plot A were normalized with respect to their base broadening, whereas in plot B the same
spectra were normalized with respect to the unshifted peak and were shifted npwards in
relation to one another. Since greater energies are expected to be found further away from
the centre of the active volume, the spectra were obtained closer to the edge of the active
volume.

Although the theoretical resonance condition for the motion of a single particle in a
cyclotron was found to be 4.57 MHz, the behavior of a relatively dense and partially ionized
gas might differ. The tunable RF matching box allowed an operating range between 4.5 and
5 MHz. Figure 8.3 shows 4 spectra for 4.5, 4.57, 4.6 and 5 MHz. It is clear that there is no
significant differences in the spectrum shape between 4.5 and 4.6 MHz.

The Doppler shift is asymimetric around the unshifted peak and shows a maximum wave-
length shift of ~ 9 A (this is for the blue-shifted motion and is equivalent to ~ 1 keV for
the charge exchanging HJ ion). The root mean square voltage between the electrodes can be
roughly estimated assuming that P = %, R =505 and P = 50 W, which results in ~ 50
V. Therefore, the maximum voltage is estimated to be v/2 x 50 = 70 V. In order to gain a
maximum energy of ~ 1 keV in the IEC device, it was necessary to bias the cathode with
~ —4 kV. The cathode current for this voltage and for a pressure of 20 mTorr is ~ 6 — 8
mA. This suggests that ~ 25 — 30 W were invested for an energy gain of ~ 1 keV. It is clear
that the ICR device can accelerate ions to the same energies with significantly lower voltages

however, it requires nearly twice the power that the IEC device requires. Note that this does
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Figure 8.3: Spectra obtained at 20 mTorr, for a power input of 50 W and for 4.5, 4.57, 4.6
and 5 MHz. In plot A the spectra are normalized with respect to their base broadening and
in plot B they are normalized with respect to the unshifted peak and are lifted upwards in

relation to one another.

not take into account the density in the ICR device, which may have been greater than that
of IEC.

Since the spectroscopy was carried out near the edge of the active volume (see Fig. 8.4),
the energies in the spectrum should include components of the most energetic neutrals (the
vector “v” in Fig. 8.4 is the velocity of a neutral atom that was created at the base of the
arrow). The spectra in Fig 8.3 show that the intensity declines with increasing energies. The
intensity of the distributions resulting from the IEC device peaked at maximum energies.
Nevertheless, the distribution in Fig 8.3 is broad and the tail of the distribution might still

be sufficient to produce significant fusion rates relative to the IEC device.

8.2.2 Energy distribution along the active volume and pressure depen-

dence

Measurements along the plane axis (defined in Fig. 8.4) were taken, starting from the edge
of the active volume to the centre of the device in intervals of ~ 1 em. The measurements
were taken for the grounded electrode.

Figure 8.5 presents 5 spectra obtained at a pressure of 20 mTorr, for a power input of
40 W, at 4.57 MHz and for distances of 0, 1, 2, 3, 4 cm, measured from the centre of the
active volume. The spectra in plot A were normalized with respect to their base broadening,

whereas in plot B the same spectra were normalized with respect to the unshifted peak and
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Figure 8.4: A schematic of the observed plane of spiraling ions. The rectangular region shown
is focussed onto the slit of the monochromator. This region moves as the lens scans along

the plane axis.

were lifted upwards in relation to one another.

Clearly the broadened bases of the spectra overlap, showing the same spectral line shape.
This suggests that the spiraling ion sources are distributed in the entire active volume or
equivalently, the gas is ionized in the entire active volume. The shorter spirals are much
more numerous than longer ones (the long spirals result from the density in the centre where
the shorter spirals result from all other sources in the volume) and therefore, the intensity of
the lower energies is enhanced and is approximately the same all over the device. Moreover,
the charge exchange significantly reduces the energies. For the same experimental conditions
but in vacuum, an H; ion should gain an energy of 18 keV where the maximum energy in
the spectrum is ~ 5% of that energy. The experimental result shown in Fig. 8.5 implies that
the neutron production rate will be uniformly distributed in the active volume (neglecting
the edge of the active volume).

It is evident that the spectrum is asymmetric around the unshifted peak. That is, the
red-shifted side drops faster than the blue-shifted side of the spectrum (this will be further
discussed in section 8.3). Note that the IEC spectra were also found to be asymmetric {“blue
shift” phenomenon, chapter 3) but for different reasons. In both cases we are concerned
with the more energetic distribution in the spectrum, since that is an optimal measure of the
efficiency of the devices.

Figure 8.6 presents 3 spectra obtained for an input power of 40 W, for a frequency of
4.57 MHz and pressures of 10, 20 and 47 mTorr. The spectra in plot A were normalized
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Figure 8.5: Spectra obtained for distances of 0, 1, 2, 3 and 4 cm, measured from the centre

of the active volume. The pressure was 20 mTorr, where the power input was 40 W at 4.57
MHz. In plot A the spectra are normalized with respect to their base broadening and in plot
B they are normalized with respect to the unshifted peak and are lifted upwards in relation

to one another.
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Figure 8.6: Spectra obtained for pressures of 10, 20 and 47 mTorr. The input power was 40
W at 4.57 MHz. In plot A the spectra are normalized with respect to their base broadening
and in plot B they are normalized with respect to the unshifted peak and are lifted upwards

in relation to one another.

with respect to their base broadening, whereas in plot B the same spectra were normalized
with respect to the unshifted peak and were lifted upwards in relation to one another. It is
clear that the blue shifted side of the spectrum does not change for the 10 and 20 mTorr
measurements, however, the 10 mTorr spectrum is more symmetric around the unshifted
_peak. The distribution drops for the 47 mTorr measurement. This implies that the energy
distribution does depend on pressure. At relatively high pressures, charge exchange becomes
dominant and the energies are reduced. This is expected to lower the neutron production

rates.

8.3 Simulations of the model for the energy distributions

The model and program described in chapter 7 were used to estimate energy distributions in
the range of the experimental conditions (box (12) in Fig. 7.3). The spectra were obtained
from a line integrated emission, while scanning transverse to the plane axis (see illustration
in Fig. 8.4). Therefore, in each region of observation (see rectangle in Fig. 8.4) only the
components of velocities that are perpendicular to the plane axis are registered as Doppler
shifts in the spectra. The program was made to calculate these velocity components along the
line integral. Moreover, a simplifying assumption was made, where a region of observation

is equivalent to a column of grid points (perpendicular to the plane axis). The total energy
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Figure 8.7: Resuits for the simulations for distances of 0, 1, 2.5 and 3.5 c¢m, from the centre
of the active volume (the distances are marked in the figure). The input peak voltage was

set to 100 V (for a 2 cm separation of the electrodes) at a pressure of 20 mTorr.

distribution was calculated by summing the densities of the distributions (created at each grid
point of the column), which have the same energy. Neutral atoms that enter the observation
region from outside the region of observation, were ignored.

A spatially uniform initial ion density distribution, spread throughout the active volume,
was used in the simulations. Each source was placed at each grid point on the surface (the
densities were normalized). The calculations were for 81 grid points and ~ 550 segments
(this is for the largest spiral). The maximum possible ion energy was set to 18 keV, which
for a magnetic field of 0.6 T corresponds to the radius of the active volume (4.5 cm}. The
program was made to stop when the total sum of the newly created ions was 1% of the total

fraction of ions starting the process.

8.3.1 Energy distribution dependence on position along the surface and
the estimated spectrum line shape

Figure 8.7 presents the results from the simulation for an input peak voltage of 100 V (for
a 2 cm separation of the electrodes), for a pressures of 20 mTorr and distances of 0,1, 2.5
and 3.5 cm from the centre of the active volume.

The initial ion sources distribution is not continuous on the surface (the sources are
placed on the grid points), which is partially the reason for the non-smooth spectrum shown
in the figure. However, the average difference of the wavelength shifts in the figure is ~ 0.1 A,

which is smaller than the monochromator resolution. It is possible to reconstruct a spectrum
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Figure 8.8: A spectrum reconstruction using the results of the upper left plot of Fig. 8.7,
where the Doppler shifts were placed in bins with a width that was twice the resolution of
the monochromator (0.8 A). A Lorentzian with a half-width of 0.5 A was superimposed,
representing the unshifted peak.

by binning the wavelength shifts and adding a Lorentzian to represent the unshifted peak.
Figure 8.8 presents the results of the simulation for the upper left plot of Fig 8.7, where
the Doppler shifts were placed in bins with a width that was twice the resolution of the
monochromator (0.8 A} and a Lorentzian with a half-width of 0.5 A was superimposed.

Clearly the reconstructed line shape agrees with the experimental line shape presented in
Fig. 8.5. In particular, the reconstruction predicts the asymmetry around the zero unshited
peak. However, there is a discrepancy in the maximum energy range, where the maximum
energy predicted by the model is a factor of ~ 0.5 of the maximum energy in the spectrum.
This can be explained if the electric field between the electrodes was greater than estimated.
Nevertheless, the model can be used to predict lower limits of energies, and therefore, lower
limits of neutron production rates {the rate calculations are shown in section 8.5).

The shapes of the distributions in Fig. 8.7 are the same for all positions along the
device, implying that there is no spatial dependence. This agrees with the experimental
findings presented in Fig. 8.5. The calculations for 10 and 45 mTorr showed the same spatial

independence {not presented here).

8.3.2 Energy distribution dependence on pressure and voltage

Figure 8.9 presents the results from the simulation for an input peak voltage of 100 V and

pressures of 1, 10, 20 and 45 mTorr (since the energy distribution was found to be spatially
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Figure 8.9: Results from the simulations for pressures of 1, 10, 20 and 45 mTorr. The input
peak voltage was set to a 100 V and the calculations were done for the column of grid points

at the centre of the device.

independent, the column of grid points at the centre of the device was arbitrarily chosen for
the calculations).

The reconstructed spectral line shape for the 20 mTorr pressure in Fig. 8.8 {lower left
plot in Figure 8.9) was shown to agree with the experimental results that were presented
in Fig. 8.6. The results from the simulation for a pressure of 45 mTorr (lower right plot
in Fig. 8.9) show that the distribution has shifted closer to the unshifted peak and is also
asymmetric around the unshifted peak. The results of the simulation for a pressure of 10
mTorr (upper right plot in Fig. 8.9) show that the distribution has shifted further away from
the unshifted peak and is nearly symmetric around the unshifted peak. These results agree
with the experimental results presented in Fig. 8.6. Placing the Doppler shifts of the 45 and
10 mTorr distributions in bins, with width twice the resolution of the monochromator, and
superimposing a Lorentzian with a half-width of 0.5 A results in the reconstructed spectra
shown in Figs. 8.10 and 8.11, respectively. The left plots in the figures show the simulation
results, whereas the right plots show the experimental results presented in Fig. 8.6.

The simulations show similar spectral line shapes to the experimental line shapes, how-
ever, the maximum energy predicted by the model is a factor of ~ 0.5 of the maximum energy
in the spectra. Generally, Fig. 8.9 predicts that with a decrease in pressure the energy dis-
tribution broadens and becomes more symmetric around the unshifted peak, which largely
agrees with the experimental results.

Although the dependence of the energy distribution on voltage was not measured (the
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Figure 8.10: The left plot is a reconstruction of the spectrum in the right plot that was
presented in Fig. 8.6. For the reconstruction the Doppler shifts of the 45 mTorr distribution in
Fig. 8.9 were placed in bins with a width that was twice the resolution of the monochromator
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Figure 8.11: The left plot is a reconstruction of the spectrum in the right plot that was
presented in Fig. 8.6. For the reconstruction the Doppler shifts of the 10 mTorr distribution in
Fig. 8.9 were placed in bins with a width that was twice the resolution of the monochromator
(0.8 A). A Lorentzian with a half-width of 0.5 A was superimposed, representing the unshifted
peak.
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Figure 8.12: Predictions from the simulations of the variation in the energy distribution for
voltage amplitudes of 0.1, 0.5, 1 and 5 kV {marked in the figure). The pressure was 20 mTorr.

device was made to operate at a maximum input power of 50 W, limiting the voltage between
the electrodes to a few tens of volts), the predictions from the simulation for the variation in
the energy distribution for different voltages is presented in Fig. 8.12. The calculation was for
a pressure of 20 mTorr and voltage amplitudes of 0.1, 0.5, 1 and 5 kV. The distributions show
a broadening of both the blue-shifted and red-shifted sides with increasing voltage. However,
the distributions of the 1 and 5 kV calculations are similar in shape, which might suggests
that in this range the energy distribution does not change much.

The ICR device allows a maximum ion energy of 18 keV. Figure 8.13 presents the simula-
tion results for an input voltage of 500 V and for a pressures of 20 mTorr, where it is evident
that the distribution extends in this range of energies. The densities for the Doppler shifts
in the range of 10 — 28 A (equivalent to 1 — 18 keV for the HJ charge exchanging ion) were
summed and stated in the figure. The total density is found to be 2 — 3 orders of magnitude
smaller than the densities in the 0 — 1 keV range. However, since the fusion rates are energy

dependent, these densities might significantly contribute to the neutron production rates.

8.4 Fusion rate estimates: a one dimensional linear potential
approximation
The two dimensional physical process taking place in the ICR device was simulated as a one

dimensional problem, where the largest spiral was stretched to become a straight line and the

electric field was estimated to be the half-cycle average of the alternating field. This allowed
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Figure 8.13: Simulation results for an input peak voltage of 500 V and for a pressures of 20
mTorr. The densities in the Doppler shift range of 10 — 28 A (equivalent to 1 — 18 keV) were
summed and are stated in the figure (the base of the arrows bound the 10 — 28 A range,
where the arrows point to the total density in this range).

for the use of the linear potential model (presented in chapter 3) to calculate the neutral
atom energy distribution. The initial ion sources that were placed on the grid points (in
the two dimensional case) were estimated with an initial uniform distribution of ion sources
placed at the beginning of each segment along the stretched spiral. The expected neutral
atom energy distributions for the three H*, HI and Hy species are shown in Fig. 4.11. The
main advantage of this approximation is the large number of calculations for many different

physical conditions that could be processed in a relatively short computer operating time.

8.4.1 Programing

The calculations presented in this chapter were carried out using the Hs charge exchange
program presented in chapter 3 for the linear potential case. The program was modified to
account for the D9 mass and charge exchange cross sections. An additional section was added
to calculate the fusion rates (see section 6.2). The variable inputs of the program were the
maximum ion energy (which is restricted by the radius of the device), the accelerating electric
field, the fraction of gas ionization and the gas pressure {(the program was made to loop for
various values of each of these inputs).

In the TEC device the ions accelerate along a path of few cm between the anode and
cathode, whereas, in the ICR device the ions accelerate along a path of meters and tens of

meters. The results of the calculations depend on the size of the segments, which have to be
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made small enough for the results to converge. For a longer ion path there are more segments
and the computer processing time increases exponentially (a “long path” is in the order of
meters). This problem was partially solved by having the program find the place along the
path where the newly created densities of ion sources were insignificant in comparison to the
initial density of ions. The program calculated the density and energy distributions to that
point along the path (this is a minimum limit for the neutron production rate estimations).

However, for a combination of low pressures, small electric fields and large maximum ion
energies, charge exchange is significant along large distances and relatively long segments have
to be chosen. The program was made to account for the error in the average energy resulting
from the chosen segment size. For the error calculation an extrapolation error function was

estimated to be,

U = f(p)(l(E)B_b(E)ki (8.1)

where the function f is pressure dependent, the constants a(zy and b(g) are electric field
dependent, and k is the ratio of the sufficient segment size to the chosen segment size. The
sufficient segment size was estimated to be ~ ﬁ m (note that the error becomes smaller
as the chosen segment size approaches the sufficient segment size}). The evaluation of the
constants a(g) and b(z) and the function f(;) was carried out by fitting the error function to
experimental data. Specifically, the pressure was varied for each value of the electric field,
and the k parameter was varied for each pressure. An experimental error was caleulated

using,

U’c=l — ﬁk,‘
Uk:l

where Uy, is the average energy of all segments for each calculation with £k = 1 and Uy,

error __
g =

(8.2)

is the average energy of all segments for the same calculation conditions but for various &;.
Inserting the results of the calculated error and the input conditions for k and p {pressure)
into eq. 8.1 enabled f,,

was found to be f = p for all electric field values). This experimental error approximation

a and b to be found for each value of electric field (the function f,

does not hold for k = 1 (where the error is zero) and was used in the program only for cases
where k£ < 1.
The fusion rate was calculated while following a similar procedure to that described in

section 6.2, where eq.6.2 was used.

8.4.2 Fusion rate estimates and discussion

This study concerns tuning the device to achieve maximum fusion rates. The fusion rate
estimates were calculated for variations in pressure, maximum ion energy and magnitude of
electric field.

For a maximum ion energy, Unay, and an applied electric field, F, the maximum distance

the ions travel is: = Q%ﬂ (in this expression Unax is in eV and F is in V/m). When pressure
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Figure 8.14: Simulated fusion rate versus pressure. The ion density was set to 10% of the
background gas density, the maximum ion energy was 50 keV and electric field was 10 kV/m.

This corresponds to a maximum ion path-length of 5 m.

is high (above 10 mTorr), after a relatively short distance (distance in the range of mm and
cm) the density of newly created ions can become small relative to the initial density starting
the charge exchange process. Systems, where the density of the newly created ions along
the path becomes small (relative to the initial density) before the ions reach the end of the

~path, will be referred to as “saturated” systems. However, when pressure is low the newly
created densities of ions might be significant all along the ions path. In this case the systems
will be referred to as “non-saturated” systems. Note that in the “saturated” case, although
the newly created ion density becomes small (relative to the initial density) after a relatively
short distance, the total amount of ions that have charge exchanged might be larger than in
the “non-saturated” case. An analysis of the saturated and non-saturated systems shows a
higher fusion rate for the non-saturated systems. Figure 8.14 presents a fusion rate versus
pressure curve.

In these calculations the ion density was set to 10% of the background gas density, the
maximum jon energy was 50 keV and the electric field was 10 kV/m (equivalent to a cathode
voltage ~ —1 kV in the IEC device) and therefore, the maximum ion path was 5 m. For
pressures higher than 0.7 mTorr the systems become saturated (e.g. for a pressure of 5 mTorr
the newly created density of ions become insignificant at ~ 0.5 m). For pressures lower than
0.7 mborr all systems are non-saturated and the fusion rate reaches a peak at an optimum

pressure. The same results were found for other combinations of maximum ion energies and
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Figure 8.15: Simulation results of the dependence of optimal pressure on maximum ion
energies and accelerating fields. The horizontal axis represents the maximum energy the ions
gain, and the vertical axis shows the pressure for the maximum fusion rate. Accelerating
electric fields of 10 kV/m, 50 kV/m and 100 kV/m were used.

electric fields inputs.

The dependence of the optimal pressure on maximum ion energies and accelerating fields
is presented in Fig. 8.15. The horizontal axis represents the maximum energy the ions gain
(this also depends on the size of the device), and the vertical axis shows the pressure for
the maximum fusion rate. This was carried out for accelerating electric fields of 10 kV /m,
50 kV/m and 100 kV/m. Note that the optimal pressure is constant above a maximum
ion energy of 10 keV and is independent of the maximum ion energy. The optimal pressure
increases with increasing electric field. For example, the optimal pressure at 100 kV/m is
10 times greater than that at 10 kV/m. The optimal pressure changes for maximum ion
energies less than 10 keV. However, the maximum ion energies of these systems have small
fusion cross sections and are of no concern.

Figure 8.16 presents the corresponding fusion rates of the optimal pressures that were
presented in Fig. 8.15, and for the same three accelerating fields. Note that the fusion rates
increase with an increase in the maximum possible ion energy. This can be explained if we
consider that the maximum fusion rates are achieved in the non-saturating systems (many
ions acquire high energies) and that the fusion cross sections increase with increasing energies.
It is also evident that the fusion rate increases with an increase in the accelerating field. For
an accelerating field 10 time larger than the 10 kV/m field the fusion rates increase by a
factor of 100. This can be explained if we consider that for higher accelerating fields the
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Figure 8.16: Simulated fusion rates at the optimal pressures that were presented in Fig. 8.15
and for the same three accelerating fields (marked in the figure).

ion path-length is shorter (for the same maximum ion energy) and more ions reach higher
energies before charge exchanging.

The dependence of fusion rate on electric field for a maximum ion energy of 50 keV is
presented in Fig. 8.17. Note that the fusion rate and optimal pressure increase with increasing
accelerating electric fields. Moreover, the optimal pressure and fusion rate increase by a factor
of ~ 10 and ~ 100, respectively, for a ten times in increase in the electric field. Figures 8.15,
8.16 suggest that these relations hold for all devices with maximum ion energies greater than
10 keV.

8.5 Fusion rate estimates: a two dimensional grid approxima-
tion
8.5.1 Programing

A second method of estimating the fusion rates for the ICR device was used. The calculations
were carried out with the “grid approximation” model and program presented in chapter 6.
The fusion rates were calculated using eq. 6.2, (this was indicated in box (13) in the flow-chart
presented in Fig. 7.3).

The spiral length and the number of grid points on the surface affected the accuracy of
the calculation. The spiral length was divided into small non-equal segments, where each
segment length is set by the acceleration in a time interval At (the segments become larger

with distance}. Through trial and error, it was found that segments smaller than 1 mm are
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Figure 8.17: The dependence of fusion rate on the electric field for a maximum ion energy of
50 keV. The left plot shows the estimated fusion rate dependence on low accelerating electric
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maximum fusion rate, where the optimal pressure is noted next to the data point.
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sufficient. When the accelerating field is relatively small (below 6 kV/m, equivalent to a
cathode voltage ~ —600 V in an IEC device) and the maximum ion energy is high (above
50 keV) the intervals can extend to ~ 2 cm for ~ 2000 spiral points. In this case, and when
pressure is below 3 mTorr, the results were found to be larger by a factor of ~ 2 at most. A
reduction in the number of spiral points to ~ 500 does not change the results significantly,
where the factor increases to ~ 2.2. However, when pressures are in the range of few mTorr
and higher, a large fraction of ions undergo charge exchange at relatively short distances. The
intervals are relatively short for these distances (less than 1 cm) and the results are found to
sufficiently converge. The computing time significantly increases with increasing number of
grid points. Trial and error was used to estimate the maximum error for a given number of
grid points. It has been found that for ~ 49 grid points spread on an area of ~ 30 x 30 cm?
the results are at most larger by a factor of ~ 5, although in most cases not larger than by a
factor of ~ 2.

A uniform initial spatial ion density distribution was used in the simulation because ion-
ization takes place uniformly throughout the active volume. The iteration of the calculation
was stopped when the total fraction of newly created neutral atoms (summing the densities
of neutral atoms of all grid points) was 1% of the total initial starting density.

Most of the initial ions undergo charge exchange for pressures above ~ 3 mTorr and
pathlength in the order of tens of em. At lower pressures and shorter ion paths the amount
of ions surviving charge exchange can be significant. These ions reach the walls of the device,
recombine with electrons at the surface and become energetic neutral atoms, consequently

increasing the fusion rates. The main program was extended to account for this process.

8.5.2 Fusion rate estimates and discussion

Simulations of fusion rates were carried out for a device with a radius of ~ 20 cm and
~ a magnetic field of 0.3 T, which restricts the DJ ion energies to a maximum of 50 keV
(note that although the experimental magnetic field used in this work was 0.6 T, for the
simulated conditions the total pathlength of the ions is similar in length for the 0.3 T and
0.6 T magnetic fields. Therefore, the results are relevant to the experimental apparatus as
well). The fusion rate estimates were calculated for a 10% gas ionization and for variations in
pressure and magnitude of electric field. Spirals with 1000 segments and 81 grid points were
used for each simulation (computer operation time was significantly longer for this method
of approximation).

A typical fusion rate versus pressure curve, for a relatively small aceelerating field of 5
kV/m (equivalent to a cathode voltage of ~ —500 V in an IEC device) is presented in Fig.
8.18. The shape of the curve agrees with the results presented in Fig. 8.14 and shows a
peak at ~ 0.1 mTorr. For pressures higher than ~ 0.1 mTorr, charge exchange reduces the
energies in the distribution, consequently lowering the fusion rate. For pressures lower than
~ 0.1 mTorr, the density of targets is low, which also decreases the fusion rates. Other fusion

rate versus pressure curves, which resulted from the program for different accelerating fields,
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Figure 8.18: Simulated typical fusion rate versus pressure curve. The calculations were for a
relatively small accelerating field of 5 kV/m {equivalent to a cathode voltage of ~ —500 V in
an IEC device).

showed the same curve shape. However, for some conditions the peak of the curve slightly
changes position.

A major technical advantage of the ICR device is the ability to operate it at low voltages.
The fusion rates presented in Fig. 8.19 show an increase with increasing electric field strength.
In particular, the optimum pressure increases by a factor of 10 by increasing the electric field
by a factor of 10, with an accompanying 100 times increase in the fusion rate. These results
largely agree with the linear potential approximation results (shown in Fig. 8.17) however, the
rate approximations are ~ 30 times smaller on average and the optimal pressure is estimated

to be slightly lower.

8.6 Summary and conclusions

The ICR apparatus is basicailly a cyclotron, which accelerates ions in a partially ionized gas
with the aim of fusing with the background gas. A first experimental prototype of the device
was built and energy measurements were taken using Doppler shift spectroscopy.

The energy distribution was found to be asymmetrically broadened around the unshifted
Hg, line for an input power of 50 W (estimated electrode voltage of ~ 50—100 V). The Doppler
shift extended to ~ 1 keV on one side of the unshifted peak. Although this is a factor of 10—20
times the equivalent energy of the potential, the invested power is twice that in the IEC device

for the same ion energy gain. The energy distribution was found to be independent of the
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Figure 8.19: Simulated maximum fusion rate as a function of accelerating electric fields for
less than 10 kv/m (left plot) and greater than 10 kV/m (right plot). The pressure ranges are
indicated in the figure (the optimal pressure range is stated at the top of each plot).

location along the device (neglecting the edges of the device) but dependent on pressure. For
decreasing pressures the energy distribution broadens and becomes more symmetric around
the unshifted peak.

The model presented in chapter 7 was found to agree with the experimental results.
However, there was a discrepancy in the maximum broadening, where the experimental results
show a larger broadening. This suggests that the results from the model give a lower limit
for energy and fusion rate estimates. The model also shows that the low intensity part of the
Doppler shift distribution, extending to the maximurm possible ion energy, might significantly
contribute to the fusion rate. Although the densities in this part of the distribution are
negligible in comparison to the densities in the central broadening, the fusion rate is energy
dependent and for a one order of magnitude increase in energy the fusion rate can increase
between 2 — 3 orders of magnitude.

Two different approximations were used to estimate the fusion rates resulting from the
device. A typical IEC device is about 20 — 30 cm in radius, where for an applied voltage
of ~ 50 kV the neutron counts are of the order of 10° n/m3s (for D-D interactions, see
chapter 6). The linear potential approximation shows that the fusion rates of the ICR device
are comparable to the fusion rates of the IEC device but for much smaller applied voltages
and for a more compact device. For an ICR device of ~ 20 c¢m radius, where a magnetic
field of 0.3 T and an accelerating field of 50 kV/m are applied {equivalent to an applied

cathode voltage of ~ —5 kV in an IEC device), 10*2 n/m®s are estimated. Considering
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Figure 8.20: The radius of the device as a function of the magnetic field for a maximum D
ion energy of 50 keV.

that in these calculations the ion density was 3 orders of magnitude larger, the results are
comparable with the rates presented in chapter 6. The fusion rates estimated with the grid
approximation model are about an order of magnitude smaller than in the linear potential
approximation case. However, in both cases it is shown that an increase of the accelerating
field by a factor of 10 leads to a fusion rate increase by a factor of 100. Consequently, from
the grid approximation, a smaller electric field is required to achieve the same fusion rates as
in the IEC device. Moreover, it has been suggested that for the grid approximation model
the fusion rate calculations are a lower limit.

The optimal operating pressures were found to be in the range of 0.1 to 3 mTorr, depend-
ing on the accelerating field, which affects the fusion rate (there is a factor of 100 increase in
the fusion rate for a 10 fold in increase in the electric field). The size of the device is deter-
mined by the maximum ion energy, for a chosen magnetic field. Naturally, the radius of the
devices must be larger for greater maximum ion energy. As a result, there is an increase in
fusion rate since fusion cross-sections increase with energy. It is possible to make the device
more compact by increasing the magnetic field for a given maximum ion energy. Figure 8.20
shows the radius of the device as a function of the magnetic field for a maximum D% ion
energy of 50 keV. However, this is limited due to the dependence of the fusion rates on the
volume of the device.

The success of the IEC device is in the strong potential drop, which is established in
the short distance between the cathode centre and edge. In this relatively short distance a
significant density of ions gain high energies before charge exchanging. This can be achieved

in the ICR device by increasing the accelerating electric field, where for a given magnetic field
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and maximum ion energy, this shortens the ion path-length but does not affect the radius of

the device.
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Chapter 9

Conclusions and Suggestions for
Further Work

For the first time, an explanation of the optical emission spectrum was given for an Inertial
Electrostatic Confinement (IEC) device. Moreover, the model that was developed enabled
the accurate prediction of fusion rates and confinement times. As a result of the spectroscopy
and the modelling, a new type of compact neutron source, based on ion cyclotron resonance,
was modelled and constructed. This was shown to have the potential to equal or exceed
the neutron rates for spherically symmetric IEC devices but without the high voltage arcing
problems.

In detail, the spectrum from an IEC was simplified by making a one dimensional IEC
discharge that consisted of a linear optical emission channel, which extended from the cathode
to the anode, and through the anode mesh to the chamber wall. This arrangement enabled
the channel to be rotated in order to obtain spatial resolution of the spectrum at different
points on the channel. The operating conditions were restricted to a DC cathode bias of
—1 to —10 kV and a pressure range of 5 -~ 30 mTorr. At this range of pressures charge
exchange was found to be dominant, which enabled the use of Doppler shift spectroscopy.
The diagnostic method is based on charge exchange collisions of energetic HY, H} and HJ
with the background hydrogen gas, H:. These three collisions result in energetic and excited
atomic hydrogen, H*, which have energies that depend on the incident ion energy. As a
result, there is a convolution of peaks that can be deconvolved by fitting three Gaussians
to the spectra. This enabled the energy distributions of the incident ions and the resulting
neutral atoms to be obtained.

Charge exchange of hydrogen ion beams was modelled by developing an intuitive method
(“semi-analytical”) as an alternative to a Monte Carlo method. This was shown to agree
with a Markov chain approach to the problem. The modelling was carried out for the general
cases of monotonic increasing (or decreasing) potentials, which include the linear potential
and potential well. The semi-analytical method was applied to hydrogen ions accelerating in
a linear potential in a background H; gas and compared with a Monte Carlo simulation. It

was found that the advantage of the semi-analytical method was the rapid computing time
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without any numerical noise. The method can easily be applied to many systems where
charge exchange is dominant, and further applied to other processes providing they have
similar chain properties.

The charge exchange model was found to explain the physical interpretation of the Gaus-
sian method of analysis for obtaining the energies of the three ionic species. For the conditions
specified in this work, the Gaussian peaks were found to represent the maximum energy the
ions gain in the potential well.

It was experimentally found that high fluxes of energetic neutral atoms emerge from
within the cathode. It was suggested that the neutral atoms originate within the two potential
wells and are created by ions that are diverging from the cathode centre while undergoing
charge exchange. Not only was this found to be supported by other work [1-3], it was further
supported with the charge exchange models. Energy distributions, calculated based on this
hypothesis, were found to be in good agreement with previous experimental findings, where
the energy of the neutral atoms of the three species (represented by the Gaussian peaks) were
found to be equal and gained the maximum possible energy. Furthermore, it was possible
to reconstruct the blue-shifted wing of the spectrum with these distributions. The fainter
red-shifted wing was simulated with the energy distributions of H*, Hi and H;' ion species,
obtained for discharge conditions between the anode and cathode. This implies that the
blue-shifted wing does not result solely from neutral atoms drifting from the other side of
the cathode (the conventional view). If that had been the case, the blue-shifted wing should
have resembled the red-shifted wing (at least near the cathode). These results suggest that
ions created in the cathode centre were responsible for the formation of the blue-shifted wing,
whereas, the discharge along the anode-to-cathode path was responsible for the formation of
the fainter red-shifted wing.

Further applications of the charge exchange model were carried out for a higher pressure
(hundreds of mTorr) discharge system and for estimates of IEC confinement time. Spectra
resulting from a high pressure discharge system were simulated for an approximation of
the discharge conditions. This further validated the reliability of the modelling method
and showed the generality of the model, where it can be applied to various systems. The
confinement time for IEC devices operating in the mTorr regime was estimated to be 7-8
orders of magnitude smaller than the Lawson criterion for D-D confinement. This implies
that at units of mTorr confinement is largely affected by the loss of ions from the system.

Spectroscopic measurements were carried out on the beam. The energy represented by
the Gaussian peaks was found to be the same for all three species in the cathode region. The
simulated energy distributions suggest that this energy is equivalent to the potential difference
between the cathode centre and the bottom of the potential well (This potential difference
was referred to as the maximum possible potential depth). This finding is also supported by
previous experimental results [4,5]. The experimental results showed a neutral atom energy
equivalent to ~ 60% of the applied voltage, which implies that for the experimental set-up
of this work the maximum potential depth of the well was ~ 60% of the applied voltage.

The ion energy was also found to be independent of cathode-to-anode distance and pressure,
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for the experimental conditions presented in this work. The minimum in the potential was
found at the cathode edge and is mostly dependent on the cathode geometry, material and
bias. Therefore, assuming that the ions diverge from the cathode centre outwards, moving
the anodes closer or further from the cathode did not affect the energy distribution, which
is formed mostly in the cathode region. The results also imply that the maximum potential
depth is independent of pressure for the experimental conditions presented in this work (5—30
mTorr). Measurements, where the two anodes were placed at different distances from the
cathode (asymmetric systems) agreed with the results presented for the symmetric systems.
The ion energy was found to be independent of asymmetry and was the same as in the
symmetric case. This implies that each of the two potential wells, established on each side
of the cathode, is identical to the wells established in the symmetric system for the same
anode-to-cathode distance. This further supports the fact that the potential minimum and
its position are mainly inftuenced by the cathode geometry and material (and bias).

Energy measurements taken at an observation angle of 30° relative to the beam and along
the beam agree with the measurements in the cathode region. The energies were found to
be independent of pressure, cathode-to-anode distance and were also found to be constant
all along the beam. This tmplies that the spectra obtained at 30° angle to the beam are
a component of the 0° spectra at that angle. The results further support the fact that the
energy distribution is created mainly before exiting the cathode, where at each point along
the beam a sample of this distribution is found (energies are constant along the beam).
Energetic red-shifted neutral atoms were found next to the chamber wall. The broadening of
the energy distribution reached ~ 2.5 keV for a cathode voltage of —4 kV. This implies that
neutral atoms were reflected from the wall, which explained the symmetry of the blue-shifted
and red-shifted wings in the anode-to-wall region.

Energy measurements taken perpendicular to the beam agree with all previous results,
showing that energy is independent of pressure, cathode-to-anode distance and position of
observation along the beam. The spectra showed a broadening of ~ 11 A at their base, which
implies that there may be a radial component of the velocity of neutral atoms in the beam.
However, it was suggested that the broadening is caused by the emission perpendicular to
the beam, which originates in neutral atoms scattered from the beam. The scattered neutral
atoms are a small component of the directional beam, and therefore, the emission from the
directional component of the beam is much more significant at an observation angle of 30°
relative to the beam axis. A model was developed to predict the spectrum line profile, where
the simulations agree with the experimental results.

The charge exchange model was used to estimate neutron production rates for an IEC
device operating in the mTorr regime. Results were compared with experimental measure-
ments taken by Thorson et al. [6]. It was assumed that charge exchange is dominant, and
therefore, the calculations were based on collisions of neutrals with the background gas. The
modelled results were found to agree with the experimental range of rates and they further
support the results of Baxter and Stuart [7], which showed that the neutron production rates

in Hirsch’s experiments [8] were mainly a product of neutral-background fusion interactions.
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Since the simulations were based on the hypothesis that ions diverge from the cathode centre
outwards, this further supports the hypothesis. Furthermore, Thorson et al. found that the
neutron production rate was independent of the cathode transparency, for transparencies of
91% to 96%, and slightly increased when using a stainless steel cathode instead of titanium
and tungsten cathodes. The independence of fusion rate of cathode transparency can be
explained, assuming that neutral atoms scattered from the cathode surface also undergo fu-
sion. The dependence of fusion rate on cathode material might result from a change in the
secondary electron production with different cathode materials. A higher secondary electron
production will result in a larger density of ions at the cathode centre.

An alternative neutron producing device, based on hot neutral and cold gas target fu-
sion interactions, was built and studied by Doppler shift spectroscopy and modelling. The
operation is based on ion cyclotron resonance (ICR) and was designed to accelerate ions in
a partially ionized gas to high energies. The distribution of hot neutrals results from den-
sities of ions spiraling in the active volume of the device while undergoing charge exchange
and creating more ions that further spiral and undergo charge exchange. This process was
modeled with a two dimensional charge exchange model.

The experimental energy distribution was found to be asymmetrically broadened around
the unshifted H,, line for an input power of 50 W (estimated electrode voltage of ~ 50 — 100
V). The Doppler shift extended to ~ 1 keV on the blue-shifted side of the unshifted peak.
Although this is a factor of 10 — 20 times the equivalent energy of the potential, the invested
power was twice that in the IEC device for the same ion energy gain. The energy distribution
was found to be independent of the location along the device (neglecting the edges of the
device) but dependent on pressure. For decreasing pressures the energy distribution broadens
and becomes more symmetric around the unshifted peak. The simulations were found to agree
with the experimental results. However, there was a discrepancy in the maximum broadening,
where the experimental results showed a larger broadening. Therefore, the simulations could
give a lower limit for energy and fusion rate estimates. The model also showed that the
low intensity part of the Doppler shift distribution, extending to the possible maximum ion
energy, might significantly contribute to the fusion rate. Although the densities in this part
of the distribution are negligible in comparison to the densities in the ceniral broadening,
the fusion rate is energy dependent and for a one order of magnitude increase in energy the
fusion rate can increase between 2 — 3 orders of magnitude.

Two different approximations were used to estimate the fusion rates resulting from the
device. The fusion rates estimated with the grid approximation model were found to be an
order of magnitude smaller than in the linear potential approximation case. However, the
grid approximation simulations were shown to be a lower limit for the fusion rates. A typical
IEC device is about 20— 30 cm in radius, where for an applied voltage of ~ 50 kV the neutron
counts are of the order of 10° n/m3s (for D-D interactions). The simulated fusion rates of the
ICR device were found to be comparable to the fusion rates of the IEC device but for much
smaller applied voltages and for a more compact device. This is for an ICR device of ~ 20

cm radius, where a magnetic field of 0.3 T and an accelerating field of 50 kV/m are applied
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{equivalent to an applied cathode voltage of ~ —5 kV in an IEC device). It was shown that
an increase of the accelerating field by a factor of 10 leads to a fusion rate increase by a factor
of 100. Consequently, a smaller electric field is required to achieve the same fusion rates as
in the IEC device. The optimal operating pressures were found to be in the range of 0.1 to
3 mTorr, depending on the accelerating field.

The fusion rate increases with increasing ion energies since fusion cross-sections increase
with energy. It is possible to decrease the radius of the device for a given maximum ion
energy by increasing the magnetic field. However, this is limited due to the dependence of
the fusion rates on the volume of the device. In the IEC device there is a strong potential
drop, which is established in the short distance between the cathode centre and edge. In
this relatively short distance a significant density of ions gain high energies before charge
exchanging. However, the potential difference is limited to a fraction of the applied voltage,
where the latter is limited due to arcing and melting of the cathode. In the ICR device the
ion energy can be increased by increasing the accelerating electric field, where for a given
magnetic field and maximum ion energy, this shortens the ion path-length but does not affect
the radius of the device.

The ICR device is expected to operate at relatively low voltages, solving the problem of
arcing and cathode melting. It is a compact portable neutron source, where it can accelerate
D* ions to energies of 100 keV in a radius of ~ 10 cm for a magnetic field of 0.6 T. This
corresponds approximately to the maximum fusion cross section for D-T interactions, where
the tritium could be the target. In solid target neutron producing devices there is a deteri-
oration of the target, which is a problem that does not exist in gaseous target systems such
as ICR.

Naturally, the work presented in this thesis could be extended: the semi-analytical and
Markov chain methods of modelling charge exchange were developed for the two cases of
monotonic decreasing (or increasing) potentials and potential wells. These could be mathe-
matically generalized to include any given spatial potential and could be applied to complex
systems. For example, simulating the oscillations of ions in the two wells (simultaneously),
which are established in the cathode of the IEC device presented in this work (the potential
is lower at the cenfre of cathode, allowing ions moving towards the cathode in one well to
enter the other).

In other work on IEC devices, a potential well was measured and was found to extend
from the cathode centre to anode, where a mintmum in the potential was found near the
cathode edge. In this work neutral atoms were found to diverge from the cathode outwards.
This was attributed to ions, created in the cathode centre, which accelerate in the potential
well and undergo charge exchange. This can be further established with a model that includes
electronic and ionic processes in the cathode region. The model should explain the potential
shape and the creation of ions in the cathode centre. Furthermore, energy measurements
taken for the cathode region showed that the ion energy was independent of pressure. This
can only be explained with a model that considers electronic and ionic processes in the

cathode region.
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The phenomenon of diverging ions from the cathode suggests that beams of neutral atoms
are established between the cathode and anodes. This gives rise for new designs of alternative
neutron sources, which are based on beam-beam interactions. These could include the study
of systems with linear arrays of cathodes or circular arrangements, where the beams are
made to converge to the centre of the circle. Cathode materials could be studied (having
different secondary electron emission coeflicients) together with cathode geometry (width of
the hollow space, length and shape). Naturally, neutron production rates could be measured
and compared with the conventional IEC device.

Fusion rate estimates for the ICR device were found to be comparable with IEC fusion
rates. However, the neutron production rate for the ICR device was not measured. A second
model of the ICR device could be built, having a larger volume and allowing for an increase
in input power. Energy measurements and neutron production rates could be carried out, to

be compared with other existing neutron producing devices.
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