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PREFACE

PREFACE

‘Man's search for energy to meet his needs has proceeded since the dawn of
civilization. At least some of our intemational friction is directly traceable to disputes
over possession of the areas favoved with abundant energy resources. Classical
conquest and exploitation rarely are undertaken for barren areas alone. The acquisition
of land endowed with energy and material resources motivates much of our present
strife. It is to be hoped that the nuclear processes of fission and fusion may permanently
solve at least the need for energy and thus contribute substantially to the peaceful
relations among mankind.

‘The demands for energy are now increasing so rapidly that the present reserves of
nonnuclear fuels of all types, particularly coal and oif, seem very small indeed when
measured against the use a::ticipated over even the next few decades. It would therefore
be prudent to develop the use of nuclear fuels, which represent stores of energy vastly
greater than those of all nonnuclear fuels.’

The text printed above is the introduction to a book by David J. Rose and
Melville Clark, Jr. entitled "Plasma and Controlled Fusion" published in 1961. It
clearly illustrates the romantic view of scientists of those days about nuclear energy.
Today, 28 years after this book was published, the hazards of nuclear fuels have
shattered this romantic view. Nuclear fission plants went up into smoke, Tsjermnobyl
(USSR), were close to melt down , Harrisburg (USA) or polluted an entire lake
with radioactive products, Windscale (UK). The production of staggering quantities
of highly radioactive waste is continuing without a proper and environmentally safe
method of disposal. Furthermore, the exploitation of nuclear fission resulted in a
world in which peaceful relations are guarded by a vast nuclear arsenal.

However, nuclear energy has conquered a place in our society and we have
become dependent on this form of energy production. We have learned to live with
the hazards of nuclear energy. This doesn't mean that we have come to terms with
nuclear energy. There is still a long way to go before the nuclear waste problem is
solved, and fusion as a viable means to produce peaceful energy has still to be
proven,

Nowadays, with a still increasing energy consumption, it is in my opinion
impossible to abandon nuclear fuels as a means to produce energy without
considerably reducing our standards of living. Apart from this, uncontrolled use of
our limited conventional energy sources, may result in a large scale devastation of
our natural environment (acid rain, greenhouse effect). I feel that there is a
enormous lack of realization that our energy greedy society is busy consuming our
resources at a pace which cannot be kept by technological advances. This means that
compromises are made: We use nuclear fission without having a proper means for
the disposal of radioactive waste, we increased the buming of coal realizing that it
contributes to a possible greenhouse effect.



However, technological progress is still being made both in the field of nuclear
fuels and in the field of alternative energy sources (solar energy, wind energy, tide
wave energy, earth heat energy, ect.). Lets focus on the methods of producing
energy from nuclear fuels. What progress is needed ? Basically there are two ways
of gaining energy via nuclear processes; fission and fusion. Fission is already in use
on a wide scale producing energy and highly radioactive waste. It's evident that a
large effort is needed in solving the waste problem. Fusion however is in a
development stage. No controlled fusion has ever been demonstrated on a scale
useable for energy generation. There are some aspects about fusion which motivate
a large scale rzsearch effort in this field. It is believed that the waste problem of
fusion is less hazardous compared to fission. The fusion process itself produces no
radioactive waste, only harmless and probably useful helium gas. However, due to
the high neutron fluxes penetrating everywhere, activation of the whole reactor
results in a large quantity of radioactive waste. Although the amount of nuclear
waste would be of the same order compared to fission, the life time of the products
is smaller, considerably smaller, of the order of several decades. Due to this shorter
life time, the storage or disposal problem of the waste is less complex. But
nontheless also for fusion there is a waste problem ! A more political reason is that
with fusion, no byproducts are produced which can be used for nuclear bombs, and
finally, no meltdown problems are expected, since the fusion process can be halted
within seconds.

The afore mentioned reasoning that waste problems, proliferation violation and
running hazards might be smaller for fusion compared to fission is more or less
overshadowed by economical reasoning. It is predicted that the price for fusion
energy is higher compared to fission energy. Fortunately, this aspect has as yet not
resulted in a large reduction of the fusion research program. Why is the predicted
price of fusion so high ? The answer is simple, a fusion machine in the sense of a
magnetically confined fusion plasma, is huge, complex and therefore expensive. The
development of such a huge machine can therefore not be done by one country by
itself. International collaboration and joint funding are essential. This has been
recognized and acted upon.

“The president and the General Secretary noted with pleasure the commencement of
work_on a conceptual design of an International Thermonuclear Experimental Reactor
(ITER) under the auspices of the IAEA, between scientists and experts from the United
States, USSR, European Atomic Energy Community and Japan. The two leaders noted
the significance of this next step towards the development of fusion power as a cheay,
environmentally sound and essential inexfiaustible energy source for the benefits of all
mankind’

The above text is a fusion extract from the joint statement of the Geneva Summit
between the leaders of the United States and the USSR held in 1985.The reader may
feel the same romantic tone in this statement as there was in the quoted text from
1961 at the beginning of this introduction. I sincerely hope that fusion once in
operation does not tumn out to be another nuclear disillusion.



CHAPTER 1

INTRODUCTION

The work described in this thesis is invoKed by current research programs in the field
of nuclear fusion. A brief introduction to fusion is given, anticipated problems related to
current drive of the fusion plasma are pinpointed and probable suggestions to overcome
these problems are described. One probable means for current drive is highlighted;
Neutral Beam Injection (NBI). This is based on injecting a 1 Me?V neutral hydrogen or
deuterium Beam into a fusion plasma. Negative ions are needed as primary particles
because they can easily be neutralized at 1 MeV. The two current schemes for
production of negative ions are described, volume production and negative surface
ionization. The latter method is extensively studied in this thesis.

From the equivalence of mass and energy E = mc? (931 MeV/atomic mass unit),
we see that energy can be extracted from any source only by decreasing the mass of
the system. Reactions leading to a decrease of the mass can quickly be found by
inspection of the energy available per nucleon. The quantity is measured by the
packing fraction P, defined by P = (M - A)/A where M is the actual mass in atomic
units and A is the nuclear mass number. In Fig. 1.1 we plotted the packing fraction
for several nuclides.! Zero on the ordinate is derived from the fact that the oxygen
mass is 16 atomic mass units. Clearly, energy can be obtained either by splitting
very heavy nuclides (today's fission) or fusing light ones (tomorrow's fusion). The
most viable fusion reaction is the merging of a deuterium and a tritium nucleon;

Dt + Tt --> He**(3.52 MeV) + n (14.06 MeV)

The amount of energy released when one gram of a deuterium-tritium mixture
fuses is equal to the amount of energy produced by burning 10.000 liter of organic
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Fig 1.1. The packing fraction (energy available per nucleon) versus the mass number.



cil. In order to obtain this merging the density and the energy of the primary
particles should be high enough to bring the particles sufficiently close together.
Two schemes to obtain high energies and densities are investigated. The first
method is based on implosion of a small pellet which contains the active nuclides,
and is called inertia fusion. It involves the development of large high power (laser,
electromagnetic and particle) beams which are aimed at small glass bulbs filled with
deuterium-tritium mixtures or frozen deuterium-tritium droplets. A second
approach is based on the creation of a dense and highly energetic plasma which is
magnetically confined, and is called magnetically confined fusion. The majority of
this research is focussed on plasmas created within a tokamak. We will restrict
ourselves to the latter form; magnetically .onfined fusion using a tokamak like
geometry,

A tokamak is basically a large scale transformer, where the secondary winding is
the fusion plasma. This fusion plasma is confined in a toroidal magnetic field. The
plasma current is inductively driven by powering of the primary winding. The
schematic arrangement of the JET (Joint European Torus) tokamak is shown in Fig.
1.2.2 It consists of a toroidal vacuum chamber (the torus) within a large iron yoke.
The vacuum vessel is surrounded by magnetic field coils to produce the toroidal
magnetic field for the confinement of the inner plasma. Since the secondary plasma
current is inductively driven, there is a clear limit to the operation time of a
tokamak, at current it is generally less than 10 seconds. For running a tokamak in a
DC mode additional schemes are needed to sustain the plasma current. A mechanism
generally referred to as current drive.

Current drive can be obtained by injection of energetic particles or by incident
electro magnetic waves. Four schemes for current drive have evolved; Y.p denotes
the current drive efficiency;

1. Neutral Beam Injection (NBI). A high energy beam is injected along the axis of
the fusion plasma (1 MeV, 100 MWatt, y., = 0.3-0.4). This beam should be
composed of neutral particles in view of the strong magnetic fields which are
present in and around the tokamak. The incident beam drives the plasma current
by transfer of momentum from the energetic beam particles to the plasma
particles. Recent experimental results have shown that NBI is capable of
increasing the plasma temverature. The beam can also be used to fuel the plasma.
The energy of the beam: should be sufficiently high to penetrate to the center of
the plasma and not too high in view of "shine-through" problem:s.

11. Electron Cyclotron Resonance Heating (ECRH). An electromagnetic wave is
coupled into the plasma at a frequency identical to the electron cyclotron reso-
nance frequency (200 GHz, 130 MWatt, Y., = 0.1). In this way the energy of the
electrons can be increased resulting in a higher plasma temperature. However a
source which produces this high frequency at this high power rating has still to
be developed



{iron transformer core)

Fig 1.2. The schematic set-up of the JET-TOKAMAK (Joint European Torus).

I1l. Ion Cyclotron Resonance Feating (ICRH). Again a electromagnetic wave 1s
coupled into the plasma with a frequency equal to the ion cyclotron resonance
frequency (35-100 MHz, 100 MWatt, Y., = 0.3). Experiments have shown that
with this scheme the ion temperature can be lifted.

IV. Lower Hybrides (LH). The frequency of these electromagnetic wave is such that
it does not penetrate to the axis of the fusion plasma (2.5 GHz, Y, = 0.3-0.4).
However, this scheme seems to be a good candidate for profile control of the
fusion plasma and for current drive of the outer region of the plasma.

The estimated costs of all four forms of current drive are of the order of US$ 2 per
Watt. The availability for these methods at present is 80 % for NBI, 60 % for
ECRH, 87 % for ICRH and 90 % for LH. Furthermore, the estimated power
efficiencies of these methods are 21 % for NBI, 20 % for ECRH, 33 % for ICRH
and 33 % for LH. The work in this thesis is related to the first form of current
drive and we will therefore elaborate on this form and not discuss the other
schemes for current drive.

1.1. Neutral beam injection

Experiments at JET (Joint European Torus) have shown that NBI can heat the
plasma. The maximum beam energy they used for these experiments was 120 keV
and a neutral beam power of 15.3 MWatt. This beam is produced by extraction of
positive deuterium ions from a P.LLN.L. (Plug In Neutral Injector) multicusp bucket
plasma source at 120 kV and subsequent neutralization in a gas cell. The produced
beam is passed through a magnetic field to remove any charged particles and
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Fig 1.3. The neutralization fraction as a function of the beam energy for positive and

negative deuterium ions vs the beam energy.

subsequently injected into the torus. The positive ion current necded to obtain the
afore mention neutral power adds up to 240 A of deuterium ions, a current of 60 A
per P.LN.I.

For an efficient current drive, it is generally believed that the beam energy
should be higher, of the order of 1 MeV. For such high energies the neutralization
cross sections for deuterium ions becomes very small as depicted in Fig. 1.3.3 This
makes the efficiency of an NBI system based on positive ions unacceptable. The
only solution for this problem is to use negative deuterium ions as the intermediate
particles for acceleration. The neutralization cross section for D~ is also given in
Fig. 1.3 and amounts to about 60 percent for a beam energy of 1 MeV. It is
anticipated that for the next generation of tokamaks the NBI power needed would
be of the order of 100 MWatts (NET, Next European Torus, ITER, International
Thermonuclear Experimental Reactor). This means a total negative ion current of
the order of 150 A if one uses conventional gas neutralizers. If one would use a
plasma neutralizer, which is estimated to give a neutralization for negative ions of
the order of 85 percent, the current needed is somewhat smaller. Another
promising method is the use of a laser to neutralize the negative ions, since the
electron affinity of a negative hydrogen ion is only 0.75 eV. A neutralization of 100
percent should be feazible. However, a high intensity laser with a large beam
diameter is needed which is at the moment not available.

Fig. 1.4 gives the conceptual set-up of a neutral beam injector for ITER.Y In
view of the large area the sources will occupy to get the high current needed for
NBI, the length of the beam lines is considerable; 50 m. The neutralizers are
mounted directly behind the accelerator. Therefore no electrostatic lens system is
needed to transport the beam to the torus. However, the divergence of the neutral
beam should be very small in order to get the entire beam trough the relatively
small duct in the torus. A maximum value of 0.17 degrees is anticipated. A second
reason why the beam line has a length of 50 m is to reduce the neutron flux at the
sources.

6
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Fig 1.4. A conceptual design of a neutral beam injector for ITER, the scale unit is meters.



For a positive ion extraction from a multicusp bucket plasma source these
currents are “easily” obtained, and the physics well understood. However, negative
ion sources which are capable of delivering large currents are still under
investigation. Two different production mechanisms are at present being explored,
volume production and surface conversion. We will elaborate further on these two
production methods in the following sections.

1.2. Volume production of negative ions

Positive hydrogen or deuterium ions can easiiy be extracted from a multicusp
bucket plasma source. Reversal of the extraction potential results in the extraction
of a large current of electrons but also of negative ions apparently present in the
bucket source. The observation of the existence of negative ions in a plasma was
established long ago; around 1959.5 From that time on, many improvements have
resulted in a reduction of the electron to negative ion current ratio and a subsequent
larger negative ion current.5>? In understanding the physical limitations of volume
sources, as this type of source is called, it is necessary to know the processes that
produce these negative ions. It is generally believed that the dominant production of
negative ions in a bucket source is a two step process.5»® The first step is the
vibrational excitation of molecules by energetic electrons,!%1! followed by
dissociative attachment of the vibrationally excited molecules by slow electrons!2

I, epq+Hy—=e +Hy*,  (vibrational excitation, ™, > 15 V)
II. egw+H*>H +H (dissociative attachment, ™, = 1 €V).

Eenshuistra et al. have recently measured the vibrational distribution of hydrogen
molecules up to v=5 which confirmed the above reaction scheme.!3 In view of the
different requirements for the electron energies for the different production steps,
the bucket source is divided into two regions by means of a magnetic filter as shown
schematically in Fig. 1.5. The region around the filaments, where the eiectron

- ———c————  Magnetic filter magnets

Plasma bucket X
WT Filament
S
H-ion beam S
K’
u |

=———

N ) Gas inlet

Driver regions

Accelerator electrode Filament

Extraction region Magnets for multicusp field

Fig 1.5, The schematic set-up of a volume source. The bucket is separated into a driver
region and an extraction region by means of a magnetic field (the filter).
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Fig 1.6. The extracted negative ion current density as a function of the extraction dia.neter
for various volume sources.

temperature is relatively high, is called the driver region. The region behind the
magnetic filter has a low electron temperature and is called the extraction region. A
fractional negative ion density of 70 percent of the positive ion density has been
reported to exist in the extractor of such a source.14

The process itself uses hydrogen molecules as intermediate to the formation of
negative ions. This requires a relatively high neutral gas pressure in the source and
results in a large gasloading of the accelerator. The effect of this intrinsic problem
of volume sources is best illustrated in Fig. 1.6 where we plotted the extracted
negative ion current density for several volume sources as a function of extraction
aperture.!’> We observe a strong decrease of the current density as the aperture
becomes larger. This is believed to be related to stripping of the extracted negative
ions on the gas effusing from the source.

A second important property of a volume source is the "temperature” or the
transverse energy of the extracted negative ion beam. For a typical volume source
the calculated temperature of the negative ions is of the order of a few tens of an
eV. This results in a reasonable emittance of the source which makes it quite useful
for NBL

A Japanese volume source has produced 1.6 A at an extraction voltage of 3 kV
and a accelerator voltage of 31 kV. Their set-up consist of a large multicusp bucket
source with a magnetic filter and 209 extraction apertures with a diameter of 9 mm.
The average current density they obtained is 15 mA/cm?2.!6 Future developments are
to increase the number of extraction holes to 259 with a diameter of 11.3 mm and
to hopefully extract a negative ion current of 3 A.17

1.3. Negative surface ionization

In order to populate the empty affinity level of a hydrogen atom one needs a
source of electrons which have an energy of -0.75 eV. In the conduction band of
metals there is an abundance of electrons which have these negative energies,
although they have a stronger bond equal in energy with the work function of the

9



metal surface. The work function of most metals is in the range of 2.5 to 5 eV.
However, when a hydrogen atom is brought into the vicinity of a metal surface, the
affinity level drops and broadens due to the attractive interaction with the image of
the affinity level in the metal.13:19 Close to the surface the affinity level is lowered
such that is is below the work function. At this point the electronic states in the
metal conduction band are resonant with the affinity level, which means that charge
can be transferred. Or in other words, a negative ion can be formed.

The negative surface ionization probability is a strong function of the work
function of the metal surface, the lower the work function the higher the
probability of forming a negative ion.20 A practical use of this effect is to scatter a
positive ion beam from a low work function surface. The incident proton is
efficiently neutralized in the incoming channel and subsequently ionized with a
certain probability in the outgoing channel. Experiments using a beam with currents
of the order of a few nano ampere, which is scattered from a partially cesiated
tungsten surface, have shown that negative ion formation probabilities as high as 60
percent are possible.?!

A practical source set-up which uses this principle is a so-called surface
conversion source.2223 A general concept is drawn in Fig. 1.7, it basically consists
of a plasma which is brought into contact with a negatively biased low work
function surface. Positive ions are extracted from the plasma sheath and are either
back scattered or implanted in the surface. The incoming flux of positive plasma
particles can also sputter already adsorbed particles from the surface. The processes
of back scattering and sputtering both result in a flux of particles leaving the
surface which have a probability of being negatively ionized. Once a negative ion is
formed close to the surface it is accelerated across the plasma sheath in the direction
of the extraction aperture.

The process described above is not dependent on molecules; this means that this
process has not the intrinsic problem of needing a high neutral gas pressure as
mentioned for volume source:s. However, since the negative ions are formed in
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Fig 1.7. A schematic set-up of a surface conversion source.
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either a sputtering process or a back scattering process, the transverse energy of
these ions is relative high, especially when compared to the low transverse energy
expected for volume sources. The feature of running the source with a low neutral
gas pressure makes this source interesting for NBI. However, the problem of the
relatively high transverse energy should not be underestimated.

Work on semi-DC surface conversion in the Soviet Union resulted in a negative
ion current density of the order of 60 mA/cm? for a cesiated molybdenum
converter?4 using geometrical focussing.2’ In very short pulsed experiments, 100-
150 ns, they observed negative ion current densities of the order of 200 Afcm?.26

The work in this thesis extensively describes the physics related to negative
surface ionization. Chapter 2 describes a detailed study of negative ion formation
during the scattering of a proton beam at a barium surface.27-28:29 Quantum
mechanical models developed so far are not applicable to this system; therefore
suggestions and examples are given for modelling of this particular system. Chapter
3 describes the operation of ALICE with a pure barium metal converter.30
Extensive modeling of the hydrogen household of this system was necessary in
order to understand the scaling of the negative ion yield with incident positive ion
current on the converter.31,32:33  Chapter 4 covers the operation of our surface
conversion source ALICE (Amsterdam Light Ion Conversion Experiment)
employing a porous turigsten converter through which liquid cesium can diffuse in
order to obtain the necessary cesium coverage of the surface.34:35 This method of
cesium supply has evolved from a theoretical study of the cesium equilibrium
coverage of a tungsten surface in a cesium seeded hydrogen discharge.3¢ Chapter 5
gives experimental data of the attenuation of a surface produced negative ion beam
by neutral gas. Furthermore the divergence of the surface produced negative ion
beam is estimated from these data.3” The combination of surface production and
volume production at low source filling pressures is shown experimentally. Finally,
chapter 6 shows the scaling of the negative ion yield with incident positive ion
current on the converter over an extended range using a barium converter in
MEGALICE (MEGA Light Ion Conversion Experiment).38
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CHAPTER 2

FUNDAMENTALS OF NEGATIVE SURFACE IONIZATION

A fundamental study of the formation of negative hydrogen ions via resonant
charge exchange in scattering a proton beam from a barium surface is presented.
Experiments in a UHV apparatus show that negative ion fractions in the outgoing
bearn are as high as 35 percent for an incoming proton beam with an energy of 1 keV.
The measured negative ion fractions are in good agreement with model calculations. In
these calculations is taken into account; (i) the polarization of the negative hydrogen ion
in the vicinity of the surface, (ii] the parallel velocity effect and (iii) the decelerasion-
acceferation of the hydrogen particle in the neighborhood of the turning point.
Moreover, oscillations observed in the measured data as a function of scatter angle
could be accounted for by a description based upon a stationary phase approximation
around the turning point. Finally, measurements show that the adsorption of hydrogen
on the surface has no influence on the charge exchange process.

2.1. Introduction

Negative hydrogen ion sources based on surface conversion have been
investigated in great detail over the past ten years.!»2:34 This interest in negative
ions was invoked by its probable application in future fusion experiments. In these
experiments, high energy neutral beams are needed for heating and current drive
of the thermonuclear-plasma. Neutral beams with an energy of the order of 0.5 to
1 MeV can only be produced, with an acceptable efficiency, by using negative ions
as primary particle.5 A different application of surface conversion is the detection
of low energetic (5..1000 eV) hydrogen atoms and molecules.5 Apart from
applications, surface conversion has been the subject of extensive experimental and
theoretical study, with the aim of understanding the resonant charge transfer
process resulting in a negative hydrogen ion. The first approach is that of Hiskes.?
He assumes that the negative hydrogen ion is formed close to the surface, while at
larger distances it partly decays to neutral hydrogen. This empirical description
doesn't include the broadening of the affinity level nor does it include the metallic
nature of the surface. However, it clearly illustrates the basics of the process. A
different approach, which is the basis of the model used in this paper, is the
description of the time evolution of the negative ion formation probability with a
classical master equation which has been suggested by Overbosch er al.? and by
Rasser et al.? Geerlings et al.1® showed that this approach is the semi-classical limit
of a quantum mechanical model describing the time evolution of the wave function
amplitude.!!

The majority of the theoretical modelling and experiments have been done on
cesiated surfaces, in order to obtain the required low work-function metal
surface.12:13 Recently, a pure barium metal converter has been employed in a
surface conversion source.!4 The negative ion yields are comparable with those

13



obtained with cesiated surfaces.! This observation invoked a more fundamental
study of the charge exchange between a hydrogen atom and a barium metal surface.
The experimental method used is scattering a proton beam of moderate energy
from a barium covered W(110) surface in a UHV environment. The negative ion
fractions are determined as a function of the outgoing angle in the range of 90 to
50°, the incident angle is kept constant at 80°. The results of the experiments and a
theoretical model for this system are presented in this paper. All parameters and
equations used in this paper are expressed in atomic units.

2.2. Theory

We will assume that the affinity level is the only level interacting with the metal
conduction band. In principle the resonant transfer of electrons between a metal
surface and a positive ion, which can form a stable negative ion, is a two electron
process. However, the energy difference between the ionization- and affinity level
in the case of hydrogen, is such that the neutralization and the formation of a
negative ion can be considered to be uncorrelated. The latter has been checked
experimentally by scattering different incident species, e.g. H', H,* and H;*, from a
cesiated W(110) surface with the same energy per nucleon and measuring the
ionization probability, which proved to be independent of the incoming species.!6
We assume that the incoming proton is neutralized into an excited state in the
incoming trajectory, and Auger deexcited close to the surface.!?

In Fig. 2.1 we have schematically drawn a potential diagram of the charge
exchange process in the outgoing trajectory, after the neutralization has taken place
and the atom is in its ground state. The z-axis is normal to the surface. When a

'k

A

f = T

lAE

Fig. 2.1 Electron energy level diagram for the interaction of a hydrogen atom with a metal
surface.
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hydrogen atom is brought close to a metal surface the originally sharp affinity level
is shifted and broadened into a band of finite width. The shift is caused by the
interaction between the atom and its mirror image induced in the metal. To first
order the level shift AE is determined by the classical image potential

1
4(z+ks 1)

where z is the atom-surface distance and k! the electrostatic screening length.!8 The
electrostatic screening of the image charge by the metal electrons causes a shift of
the classical image plane with respect to the surface. The model calculations and
measurements of Geerlings et al. have shown that this description may be used for
this case.i?

We cannot directly employ the model of Geerlings et al. for the case of barium
because the interaction in this case is very close to the surface (z = 2 a,) compared
to a cesiated W(110) surface where the interaction region is in the range of 4 to 6
a,. In order to accommodate for this close interaction we made some modifications
in the model described by Geerlings ez al. Firstly, we took into account the
polarization oy of the negatively charged atom. A value of 65 a3 is reported in
literature.2? This results in a more accurate description of the bending of the
affinity level close to the surface. Adding the polarization potential to the energy
shift (Eq. {2.1]) we get

1 OH
4@k, 222k )

The affinity level can be shifted below the Fermi level at small values for z. As a
consequence, it becomes degenerated with the occupied metal states, so that resonant
charge transfer can take place. The initially sharp affinity level is broadened due to
this interaction. The electrons tunnel between the metal states and the affinity level
with a given transition frequency, @(z), which according to Heisenberg's
uncertainty principle, results in a broadening of the affinity level with a width A(z).
This transition frequency can be calculated from Fermi's golden rule in first order
perturbation theory,

0(z) = A(z) = 21tY p(Ey(2)) KilVIk>12. [2.3]

The sum has to be taken over all metal states ik> in the conduction band. li> is the
aegative ion state and p is the density of metal states, which varies within the free
electron model as g;!/2. V is the unperturbed core potential of the atom.2! A(z) can
be approximated as an exponentially decaying function of z,'”

A(z) = Aexp(-0z). [2.4]

The broadened affinity level has a Lorentzian line profile.22 At this point it is
worthwhile to note, that the level width, e.g. the transition frequency, is a function
of the density of states in the metal surface. The higher the density of states, e.g. the
Fermi energy, the higher the transition frequency.

In table 2.1, we collected the figures for the work function and the density of
states for barium and W(110) covered with 0.6 monolayers of cesium. The work
function of barium compared to the cesiated tungsten is more than 1 eV higher,

AE = {2.1]

AE = (2.2]
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Table 2.1. The work function and Electron density at the Fermi level for barium and cesiated

tungsten.
Material Work function Electron density at Fermi level
feV] [a,3]
Barium 25 2.44 x 103
0.5 monolayer Cesium  1.45 1.03 x 103

however the density of states is more than two times that of the cesiated tungsten. It
is well known from literature that the higher the work function, the lower the
negative ion yield. However, the high density of states for barium, resulting in a
higher transition frequency, may partly compensate for the effect of the difference
in work function.

From the overlap of the shifted and broadened affinity level and the conduction
band, we are able to calculate the equilibrium charge state, N(z), as a function of
z.23 In case of a moving hydrogen atom the charge state P~(=), after reflection from
the surface, can be computed by integrating the following rate equation, known as
the classical master equation,

P _A@) -
& = v, (N@ - P @), [2.5]
where v, denotes the normal velocity of the hydrogen atom. The result of this
integration is the following classical expression for the ionization probability;

P-(=) = P~(z,) exp(- j Aivf-)-dz) + &%ﬂexp(- j é%zdz') dz  [26]
z, z

Z,

where P7(e) is the ionization probability at infinity and P~(z,) the probability to
have a negatively charged hydrogen atom at the turning point (z.). Eq. [2.6] is the
classical solution of a quantum mechanical model via the equation of motion
according to Eq. [2.5]. The first term is called the memory-term, the second term
describes the creation of negatively charged hydrogen in the outgoing trajectory.

In our calculations we use a stationary phase approximation around the crossing
point (i.e. the distance at which the affinity level crosses the work function the
outgoing trajectory), of the quantum mechanical modei following the method
discussed by Geerlings er al.'°. This results in a similar expression for the ionization
probability as Eq. [2.6]. However, the equilibrium charge N(z) is now replaced by a
function F(z), which is the overlap integral of the broadened affinity level at
position z, and the occupied part of the metal conduction band, taking into account
the effect of parallel velocity,2* and the Fermi distribution as a function of the
surface temperature. The stationary phase method is only valid if the following
condition is fulfilled at every distance of the atom to the surface;
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Fig. 2.2 A schematic drawir.g of the experimental arrangement. The W(110) target can be
covered with barium by using a dispenser located 1.5 cm away from the tungsten surface.
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Dozl < | [2.7]
which comes from the demand that the transition frequency is sufficiently large
compared to the time the atom spends around the crossing point. We will commend
later on this condition in section 2.4.b,

Geerlings showed that in most cases this semi-classical expression is almost
equivalent with the classical one according to Eq. [2.6). Furthermore, we neglected
the memory term in our calculations based on the results of Rogers et al. who
showed that at the surface no negative ions can exist.25 The resulting expression for
the ionization probability is sufficiently simple that experimental results can be
fitted with it.

2.3. Experimental arrangement

The experimental set-up, shown in Fig. 2.2 and described in detail by Geerlings
et al'?, consists of a transport-section to accelerate the protons (to an energy
between 100 eV and 1 keV) and a UHV chamber with a background pressure of the
order of 10-7 Pa. A rotatable W(110) target is located at the center of this chamber.
This surface can be covered with barium by placing the target in front of a barium-
dispenser. The surface can be cleaned by sputtering with argon ions, with a current
of the order of 1 HA and an energy of 600 ¢V, and annealing at 2400° C.

The primary proton beam, which has a divergence less than 1°, reflects at the
surface under grazing angles, and the outgoing particles are detected in a
channeltron in the detector. It is also possible to determine the energy of the
reflected beam by a paralle] plate analyzer and a second channeltron. The ratio of
negative ions and neutrals in the reflected beam is measured by periodically putting
a negative voltage onto lens L. Both the detector and the target can be positioned
with an angular accuracy of the order of 1°.
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To determine the work function of the surface as a function of the barium
coverage, we use a Kelvin probe. In Fig. 2.3 we have plotted the measured work-
function as a function of the barium deposition time. After some time the work-
function of the surface saturates which corresponds with a barium coverage of at
least one monolayer26. All experiments have been done for a barium coverage of
the W(110) surface of at least one monolayer, which corresponds to a work
function of 2.5 eV.

2.4. Results and Discussion.

In this section we will describe the experimental results we obtained in scattering
a proton beam under grazing angles from a barium surface. Furthermore, the effect
of adsorption of hydrogen at the surface on the charge exchange is studied.

2.4.a. Charge exchange with the barium surface

Based on the theory described above, we expect a strong dependence of the
ionization probability on the normal velocity, i.e. the ionization probability
increases with normal velocity. Therefore, we measured the ionization probability
as a function of the normal velocity by changing the detection angle. Fig. 2.4
presents these measurements of the negative ion fraction under grazing angles for a
primary energy of 1000, 500 and 250 eV. .We fitted the experimental data with the
model discussed above. A least squares fitting procedure is used, with the turning
point and the screening length as free parameters.

In the region where the probability model is valid, for grazing angles of

Table 2.2 The screeninﬁ Iengrh calculated from our measurements and from theory.

Method Screening length [a,]
Experimentally 1000 eV _500eV_ 250 eV
2.8 2.4 2.3
Thomas - Fermi 2.1
Wojciechowski 1.7
CrossingEvels 2.2
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reflection, the ion yield increases with increasing energy, as predicted by this
model. Table 2.2 shows the screening lengths we have calculated from the
measurements. In this table we also included the screening lengths which are
calculated from Thomas-Fermi screening and from the formula of Wojciechowski
and the screening length estimated from the assumption that the affinity level should
merge with the bottom of the valence band.?’-22 The turning points we found from
the fit with the experimental data were for all three energies of the order of zero.
This is from a physical point of view rather unsatisfying, therefor a closer analysis
of Eq. [2.5] has been undertaken especially in the region close to the surface.

An atom which back scatters from a surface has to reverse its normal velocity,
e.g. on the incoming trajectory it decelerates, stops at the turning point and in the
outgoing trajectory accelerates again to its final energy. The distances at which this
occurs is generally of the order of three Bohr radii distance from the surface. In
our system, the interaction between a hydrogen atom and the barium surface takes
place very close to the surface. Therefore, the effect of the accelerating hydrogen
atom has to be taken into account. So we need to know the strength of the repulsive
potential to calculate the turning point and elaborate further on the physical
parameter which determines the turning point.
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Firstly, we examined the case in which the turning point is defined by the
incoming normal velocity of the hydrogen atom. This means that the turning point
is constant over the whole range of outgoing angles. We used a free two parameter
fit to determine the turning point and the screening length as a function of the
strength of the repulsive potential.

We implemented the following expression for the varying normal velocity of the
hydrogen atom into our model, which is based upon an exponentially repulsive
potential,

v,@) =vl—\j 1- exp (- 1;(z-zo)) [2.8]

Here, v denotes the decay constant of the exponential potential or the interaction
distance, and v, (z) denotes the normal velocity of the hydrogen atom at distance z.
Subsequently, we used the afore mentioned least-square two-parameter fit where we
varied the value of the interaction distance y. The resulting screening length and
turning point versus the interaction distance for an incident beam energy of 250 eV
are depicted in Fig. 2.5. We see a strong increase of the turning point with
increasing .

This can be explained by analyzing Eq. [2.6]. The second term on the right hand
side of this equation basically consists of the integration over z of a negative ion
production term: N(z)A(z)/v, multiplied by an exponentially decaying term:
exp(-Ja(z) 1dz"). N(z) and A(z) are rapidly decreasing functions of z. The negative
ion production term increases with decreasing normal velocity in the vicinity of the
surface. The exponential decay term decreases with increasing normal velocity. In
the case of an accelerating atom, the negative ion is formed at low normal velocity,
which gives a high production term, and rapidly accelerated to its final value for
which the decay term is closer to unity. Subsequently, the calculated ionization
probability, according to Eq. [2.6], for a constant normal velocity is lower
compared to the ionization probability calculated for an accelerating atom for the
same value for the tumning point and the screening length.
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Table 2.3. The screening length and turning point calculated from our measurements for three
different values of the interaction distance of the potential.

Interaction distance v=1 ¥=2 y=3

250¢eV, k! 2.34 2.27 2.17

Z, 0.30 0.41 0.56

500 eV, kot 2.31 2.26 2.07

zZ, 1.00 1.12 1.18

1 keV, k¢! 3.36 3.25 3.29
z, 0 0 0

We used the afore mentioned fitting procedure to calculate the screening length
and turning point from the measured negative ion fraction, i.e. the ionization
probability. Since, in this approach the ionization probability is fixed we expect the
effect of an acceleration of the atom to become apparent in the two fit parameters,
which is depicted in Fig. 2.5. For small interaction distances we see that the
starting point of the integration, the turning point, moves away from the surface
and the screening length slightly decreases. The correlation coefficient, i.e. the
quality of the fit, for an interaction distance in the range 0-8 a_ is constant within 12
%. For large interaction distances, the turning point reduces and the screening
length increases. This indicates that the decay of the formed charge state is to strong
to obtain the measured ionization probability. The turning point moves inwards in
order to correct for this. Note, that the correlation coefficient, i.e. the quality of the
fit, decreases for interaction distances larger than 8 a,. The same behavior is seen
for the 500 eV and 1 keV measurements. The results of the calculations are
summarized in table 2.3. One would expect to see a decrea~e of the turning point
with increasing normal velocity, which tendency is absent in table 2.3.

Therefore, as mentioned above, a second approach has been examined in which
we vary the turning point as a function of the normal energy with which the atom
leaves the surface. In order to calculate the turning point we use the method based
on planar channeling of ions at a solid surface. The trajectory of scattered
projectiles results from planar channeling in the collective potential?9:

Y4
Va=2InZ27, e2 ap N fpl(ﬁ;) (2.9]
where the screening is taken into account by the Moliere approximation3¢
Zz Zz Z Zz
fp'(aF) = 1.17 exp(-0.3 aF) + 0.46 exp(-1.2 aF) + 0.02 exp(-6 ;;) [2.10]
and

ag = ——
NZ, +Z,)*3

is the "Firsov screening parameter”3! for a projectile-target combination Z,,Z, and

N; is the planar density of atoms at the surface (for barium 6 x 10 cm-2). Fig 2.6a

shows this planar potential as a function of the distance from the surface. With this

potential we can calculate the turning point as a function of the energy with which
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Fig. 2.6 a) The planar channeling potential as a function of the distance z to the surface.
b) The calculated turning point as a function of the energy of the particle leaving normal to
the surface.

the h3 drogen ion leaves normal to the surface, see Fig. 2.6b. From this calculation
we can derive the following expression for the turning point as a function of

normal velocity:
ig = 4400 v 072 -] [2.12]

which is valid for normal velocities in the range from 10 to 2 x 105 m/s. We
incorporated Eq. (2.11] into Eq. [2.6] and fitted our experimental data with a least
square one parameter fit, with the screening length as parameter, as a function of
the interaction length y. The overall correlation between theoretical values and
experimental data improved by at least 40 percent (300 percent for the 1 keV
measurements). The optimum value for the interaction distance y was in the range
from 2 to 3 a, for the 250 and 500 eV measurements and between 3 and 5 a, for the
I keV measurement. The y~! values agree reasonably with the exponential decay
factor from the first and dominating term of the left hand side of Eq. [2.10]. The
screening lengths obtained with this procedure are for 250 eV, 2.2 a_, for 500 eV
and 1 keV, 2.9 a,. On would expect that the screening length is independent of the
incident beam energy. Calculations for the 250 eV measurements with a screening
length of 2.9 a, show a rather large deviation from the experimental values. The
correlation between theoretical values and experimentai date reduced by more than
80 percent.

2.4.b. Interferences in the charge exchange process

Closer examination of the experimental data, especially the measurements for
250 eV, exposes oscillations of the ionization probability as a function of scatter
angle. The beam current we used in our experiment is sufficiently low to assume
that this oscillations are not caused by some kind of collective (i.e. more than one
hydrogen particle) process at the surface. Therefore, it is concluded that the
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observed oscillations are related to interferences of the incoming and outgoing
trajectory of the hydrogen atom. This is the first time that such a behavior is seen in
resonant charge exchange in the wide band approximation.

The theory as described in this paper so far cannot account for such oscillations.
Therefore, a closer examination of the condition formulated in Eq. [2.7] has been
undertaken. The crossing point in the case of a barium surface is at an atom metal-
surface separation of about 2 a,. The condition according to Eq. {2.7] gives a value
of 0.6 if we neglect the polarization term in Eq. [2.2]. This value is close to unity
which means that the semi classical description we used may be incorrect. However,
if we take into account the polarization term according to Eq. [2.2] this value
reduces due to a strong increase of 10g,/0z]. This explains why we obtained a
satisfactory agreement between the experimental data and theory in the previous
section.

However, it is expected that closer to the surface condition [2.7] is no longer met
and a closer examination on the validity of the stationary phase approximation
around the crossing point is necessary. In the previous section we showed that when
we incorporate a changing normal velocity according to Eq. [2.8] in the semi-
classical model, reasonable consistency in terms of calculated tuming points and
fitted screening lengths are obtained. With an expression for the normal velocity
according to Eq. [2.8] we see that an atom scattering from a metal surface spends a
considerable time around the turning point, since, at this point its velocity is
decreasing and subsequently increasing. Around the turning point, the time needed
for an electron to tunnel through the potential barrier is of the same order as the
time the atom collision time. Therefore, the turning point could well be used as the
stationary phase approximation point. However, the two stationary phase points (i.e
one for the incident trajectory and one for the outgoing trajectory) are close
together, which means that for an accurate description the stationary phase
approximation should be done up to the second order. In this section we will show
that when we use a second order stationary phase approximation around the turning
point, oscillations of the ionizatior. probability versus normal velocity can be seen in
the resulting expression for the ionization probability.

QOur starting point is the following quantum mechanical expression!!-32 for the
charge state as a function of the time, t, of the moving hydrogen atom,

P~(t) = P"(-) exp(- JA(t') dt') +

oo

t [2.13]

t

I . . " 2
Lltem | | \F  expeier - J (1ea(t")+AJ;—l)dt") dr [ e
tl

where € is the electron energy, €, is the energy of the affinity level and f(¢,T) is the
Fermi distribution. The first term is this equation is the so-called memory term
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which is equal to zero since we start with atoms, i.e. P7(-c0) = 0. We expand £,(t) up
to the second order around the turning point, z, (t = t,),

(t- t;) 02 sa It

g,() = g,ty) + (t t) m 2+ [2.14]

The first order time derivative of the affimty level is zero in the turning point. The
second order time differential can be converted into distance differential taking into
account the variation of the normal velocity with distance according to Eq. [2.7].
This yields

(t t )2 Vv.’og,

g,(1) = g,(t,) + 27 az . {2.15]
Furthermore, in order to calculate the integration over t" in Eq. [2.13] assume an
exponential decay of the level width, according to Eq. [2.4] and a changing normal
velocity according to Eq. [2.8]. For t = =, i.e. for the final charge state P~(e) this
yields

CAGY) . AC 41 31
J' de” = 2v, (O(+ 2 (a+ 7Y + 3 (o + y1)? + )» [2.16]

¢
If the effect of a changing normal velocity according to Eq. [2.8] is not included in
this derivation one would only have found the first term of the sum. Since, the
effect of the changing normal velocity in this approximation is small we only used
the first term of the sum in our calculations. With these approximations we are now
able to calculate the integral over t' in Eq. {2.13] as described in the appendix 2.1.
The resulting expression for the final charge state is;

2rA .
P(e) = “qlff") exp(- (o)) ff(E’T) Aiz(ﬁ%z;g__s]d(q%)

-0

[2.17]

L0g, %
with q= 27 > Iz,

This expression has in principle an oscillatory term; the Airy function. We fitted
the experimental data for an incident beam energy of 250 eV with this equation
using the screening length obtained from the method described in the previous
section and varied the strength and the interaction length of the planar potential as
fit parameters. Furthermore, in the calculations we limited ourselves to turning
points which are larger than 0.25 a,. The result of the calculation for a screening
length of 2.3 a, and a surface temperature of 0 K is shown in Fig. 2.7 together with
the experimental data. Around a scatter angle of 75 degrees there is a "kink" in the
calculated curve due to the afore mentioned limitations we used on the position of
the turning point. The derived interaction length is 0.9 a, and the potential strength
is 0.65 atomic units which differs not much from the calculated values from Eg.
[2.10]. We used the afore mentioned values to calculate the ionization probability
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Fig. 2.7 The ionization probability vs the scatter angle for an incident beam energy of 250

eV. The dotted line is the result of a second order model calculation based on the
discussed model.

for an incident beam energy of 500 and 1000 eV. The result of this calculation is
plotted in Fig. 2.8. We see that for higher energies the oscillations become less
apparent which tendency is also seen in the experimental data in Fig. 2.4.

The oscillation in the calculated curve is not coming from the Airy function, but
is the result of the turning point shifting through the "freezing” point. When the
turning point coincides with the "freezing" point, one expects a high ionization
probability, when it is further away from the surface we expect a lower probability
decreasing to zero at larger atom metal surface separation. When the turning point
is between the “freezing” point and the metal surface we expect a decrease of the
ionization probability. Both tendencies are seen both in the experimental data and
the theoretical curve. However, at shorter atom metal-surface separation we
observe an increase of the ionization probability. Note that at this point there is a
significant deviation of the calculated curve and the experimental data. However, it
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Fig. 2.8 The calculated ionization probability for three different beam energies. The
parameters for the repulsive potential have been calculated from the 250 eV measurement
and used to calculate the 500 and 1000 eV curves.
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is in this region where the above modeling which assumes a decreasing affinity level
with decreasing atom surface separation becomes less correct. Ossicini and Bertoni
show that close to the surface the affinity level no longer decreases with decreasing
separation, but flattens out and becomes constant with atom metal separation.33
With this description, close to the surface the factor de,/dz in q is close to zero
which means that the Airy function blows up in this region thus giving a
considerable oscillatory contribution in this region. A description which
incorporates the dependence of the affinity level as a function of the atom metal
separation as described by Ossicini and Bertoni would presumably give a more
detailed and complete model of the resonant interaction close to the surface.
However, such a calculation is beyond the scope of this article.

2.4.c. Influence of hydrogen adsorption on the charge exchange

In a surface conversion source, the converter is heavily "polluted” with
hydrogen. It is therefore worthwhile to measure the effect of this contamination on
the charge exchange process. For a W(110) surface covered with half a monolayer
of cesium, a decrease of almost a factor of two after an exposure to 900 Langmuirs
of hydrogen has been measured.?4-35 We used two different schemes for measuring
the effect of adsorbed hydrogen on the charge exchange process.

At first we adsorbed hydrogen on the clean W(110) surface and checked with the
Kelvin probe to see whether we had really fixed a layer of hydrogen on the
tungsten surface. After this step we adsorbed barium on top of this system, with a
thickness of approximately 0.4 monolayers. With a surface prepared in this way we
measured the negative ion fraction of the outgoing beam. The same measurement
was done for a surface which was only covered with 0.4 monolayers of barium.
The measured negative ion fractions coincide within 3 percent, which is better than
the experimental error of the data.

Another scheme we have used is to expose the barium surface to 1000
Langmuirs of hydrogen and measure the negative ion fraction before and after
adsorption. This scheme didn't influence the negative ion yield either. The latter
might be related to a very low sticking probability of hydrogen on barium.
However, even after an exposure to several thousands L.angmuirs of hydrogen no
change in the negative ion fraction was observed. From these two experiments we
therefore conclude that adsorbed hydrogen on top or underneath the barium layer
doesn't affect the charge exchange process. A similar behavior was found for a
W(110) surface covered with a full monolayer of cesium.

2.5. Conclusions

Under grazing angles of incidence and scattering there is a good agreement
between theory and experiment, For these grazing angles the particles follow a
predictable path, for which a description in terms of a "classical” turning point is
valid. The particle trajectories close to the surface have to be calculated in great
detail since the resonant charge exchange takes place in this region. The method of
defining the turning point as a function of the normal velocity of the outgoing
particle gives a more consistent model compared to a turning point calculated
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directly from the incident normal energy. The calculation of the tumning point is
based on a rather simple single repulsive exponential potential. Furthermore, we
have shown that using a second order stationary phase approximation around the
turning point, one can get an idea of the details of the charge exchange process
located very close to the metal surface.

For incident energies in the range of 250 to 1000 eV negative ion fractions in the
reflected beam are as high as 30 percent despite the relatively high work function of
barium compared to cesiated tungsten surfaces. This is related to the high electron
dens’, (i.e. the high density of states) for barium which is twice that for cesium.

Adsorption of hydrogen on barium has no effect on the charge exchange process.
This is important for the application of barium in a surface conversion source
where the converter is exposed to very large fluxes of positive hydrogen ions and
molecular hydrogen.

Summarizing, the fundamental study on resonant charge exchange between a
barium metal surface and a hydrogen atom presented here, very clearly indicates
that the application of barium as a converter surface in a surface conversion source
is feasible. Furthermore, the experiments give more insight in the effect of the
electron density of the metal surface on resonant charge exchange and the
consequences of a varying normal velocity of the atom in the outgoing trajectory.
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Appendix 2.1

In this appendix we will show how we can calculate the following integral in Eq.
[2.12},

oo
o0

'\/g;—'—rexp(-ist' . J'(iea(t")+AJ£—"‘)'dt")) dr’ [2.A1]

[l

-o0

Using the stationary phase approximation around the turning point,according to Eq.
[2.15], and taking only the first term of the sum yields
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G(v,z,) |exp(-i(et’ + fe (1) dt") )dt
t
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with G(v,z)= —ELexp(- ﬁ) .

We can expand the €,(t") around the turning point following Eq. [2.14]. Substitution
of this expression yields

. , (t" _t9)2 VJ.2 a_sa_ " '
G(v,.z;) |exp(-i (et'+ fea(to) - ) -27 g P dt™)) H)dt (2.A3]
t
which can be rewritten as

i(t' -t )3 v,? @
G(v,.z,) exp(i(E-€)t,) |exp(i(E,-€)('-t,) +i—6-5)—v—2ﬁ7 'a% 2) At [2.A4]

-0

The remaining integral is an Airy function:

2, (€€ : : . v,20€
G(v,.z,) q—l-’,‘-; A{aﬁl-,;] explile-et, - i) with q=7-5tl [2.A5]

Substitution of this result in equation [2.12] yields the ionization probability as
given in Eq. [2.17]
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CHAPTER 3

SURFACE CONVERSION AT A BARIUM SURFACE

A fundamental study of the formation of negative hydrogen ions via surface
conversion is presented. Employed is a novel type of converter, namely a pure barium
metal surface. In spite of the high work function of barium compared to more
conventional cesiated converters, considerable yields of negative ions were produced.
Conversion efficiencies up of 4 % are obtained, which is of the same order as for cesiated
converters. The high negative-ion yield is probably related to the electron density of
Barium which is almost twice that of cesium. This is confirmed by mode! calculations and
by UMHV-scattering experiments under well defined conditions. Furthermore,
calculations showed that the hydrogen coverage of the converter increases with
increasing flux of positive hydrogen ions to the surface. This behavior is confirmed
experimentally. Seeding the hydrogen plasma with argon fias no significant effect on the
conversion efficiency. This is belleved to be related to the competition between the
lowering of the surface fiydrogen coverage and the increase of the hydrogen desorption
rate, both due to the higher sputter coefficient of argon compared to fiydrogen.

3.1. Introduction

Formation of negative hydrogen ions via resonant charge exchange at a metal
surface has been widely studied over the last decade. The motivation for this
research lies in the field of thermonuclear fusion, where negative ions find
application as intermediate step in the production of intense beams of neutral atoms.
These beams can be used to diagnose particle densities and momentum distributions
of a fusion plasma. In this paper, a fundamental study of the charge transfer process
at a barium converter surface, which is in contact with a hydrogen plasma, is
presented. OQur results are also of interest for other devices, in which the dynamic
interaction of plasma particles with a metal surface plays a role. Examples of such
devices are etching and deposition reactors, as are nowadays used in the production
of semiconductor components, coated glasses etc.

A typical negative-ion source consists of an isolated metal electrode, the so-callec
converter, which is immersed in a hydrogen plasma.!-2:3 The converter is usually
biased at a negative potential of a few hundred volts. This causes a flux of positive
hydrogen ions from the surrounding plasma to flow towards the converter surface.
These arrive at the surface with an energy proportional to the converter potential
minus the plasma potential. The latter depends on the kind of discharge used. For a
bucket-type plasma the plasma potential is of the order of a few volts positive,
whereas for a Penning-like geometry of the discharge (as employed in our
experiment) it is negative. The major part of the incident flux is implanted into the
converter surface, the remaining part is scattered. Implanted hydrogen particles can
come to the surface via diffusion or via removal of substrate material by sputtering.
Hydrogen atoms, which have arrived at the surface, are subsequently sputtered by
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the incident flux. A fraction of the scattered and sputtered particles can become
negatively charged via charge exchange with the converter. It is well known, that
this fraction strongly depends on the work function of the converter surface; the
lower the work function the higher the negative ion yield.* Negative ions formed in
the vicinity of the surface are accelerated across the plasma sheath and subsequently
"self-extracted” through an aperture.’

In most experiments on surface production of negative ions, the low work
function of the converter is obtained by adsorption of cesium on a molybdenum or
tungsten substrate.® Two methods are used to obtain the coverage, (i) admitting
cesium vapor to the discharge chamber and (ii) employing a converter which is
made from porous material through which liquid cesium can diffuse. The latter
method results in a much smaller pollution of the plasma with cesium, since, with
this scheme, cesium only flows into the plasma via sputtering by incident hydrogen
ions. A plasma, which is not seeded with cesium, enables one to single out the
charge exchange process for hydrogen. Furthermore, to such a plasma, heavy ions
like xenon or argon can be added to simulate the effect of cesium ions present in
seeded discharges. Van Os and van Amersfoort carried out such an experiment and
concluded that cesium not only serves as a means to lower the work function, but
also plays an important role in the sputtering of hydrogen from the converter
surface.” These sputtered hydrogen particles, which leave the surface with relatively
low energies, have a large probability for becoming negatively charged. Thus, the
work function of the converter is important but does not solely control the
negative-ion formation probability in a surface-conversion source. This insight lead
to the idea to use a barium-r.etal converter and to admit some heavy gas, like
argon, to increase the sputtering of hydrogen from the surface.The advantage of
this approach is, that electrical breakdowns in the source and in the extraction
region, which are a consequence of the presence of large amounts of cesium vapor,
are eliminated to a large extent.

A clean barium surface has a work function of 2.5 eV. This is large compared to
tungsten covered with half a monolayer of cesium, which has a work function of
1.45 eV. However, to maintain a coverage of half a monolayer on a surface which
is constantly bombarded by plasma particles is difficult, if not impossible. Van
Amersfoort et al.. did calculations on the equilibrium cesium coverage of a
converter surface immersed in a cesium seeded hydrogen plasma.® The calculations
showed that a coverage higher than (.24 monolayers is not feasible if the converter
is only cesiated via vapor deposition. Tompa, Carr and Seidl reported a cesium
coverage, as a result of implantation of cesium into tungsten, of the order of half a
monolayer for low incident energies.? In their experiment, implanted cesium
particles caused a surface coverage after removal of substrate material via
sputtering. In a typicai surface-conversion source the converter is operated at a
negative bias of 100 to 200 Volts. For these values, the coverage measured by
Tompa et al., is also lower than half a monolayer. Therefore, in a practical set-up,
it is questionable if the coverage has the optimum value for the charge-exchange
process, which according to van Wunnik et, ai. amounts to a 0.6 monolayers.4
Moreover, the coverage is a function of the discharge parameters and the convericr
potential. The advantage of barium, in this respect, is its constant work {unction.
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Besides the work function, a second importan: quantity in the charge exchange
process, is the width of the conduction band (e.g. the Fermi energy) of the
converter. For barium the Fermi energy is 3.65 eV, whereas for a full monolayer
of cesium on tungsten it amounts to 1.96 eV. This implies that the electron density
of barium is much higher than the electron density of cesiated tungsten. This is
illustrated in Fig. 3.1, which has been taken from Wojciechowski.!¢ In this figure
the work function of barium and several alkali metals is plotted versus their
electron density. The beneficial effect of a higher electron density for the negative-
ion formation process is the subject of the study presented here.

In this paper, section 3.2 describes the application of the existing theory on
resonant charge exchange to a barium surface. For this application, measurements
were done in a well-controlled UHV scattering experiment. Our surface-conversion
source, which is equipped with a pure barium-metal converter, is described in
section 3.3. Experimental results obtained with this source are presented in section
3.4. In addition, section 3.5 contains a comparison of our barium converter with
more conventional cesium-covered converters, and a discussion of the equilibrium
hydrogen coverage of the converter surface.

3.2. Formation of negative ions

The negatively biased converter is exposed to a flux of positive hydrogen ions
extracted from the surrounding plasma. In the vicinity of the converter surface,
these ions are efficiently neutralized, probably via resonant neutralization into an
excited state, followed by Auger de-excitation to the ground state. Subsequently, the
atom is either implanted into the surface or scattered with a negligible energy loss.
Incident hydrogen ions can also sputter adsorbed hydrogen atoms from the surface.
Thus, the flux of hydrogen atoms leaving the surface has an energy ranging from a
few eV to the incident energy, which is a few hundred eV. A fraction of the
outgoing flux can become negatively charged via resonant charge exchange with the
metal. In this section we shall discuss the functional relationship between the energy
with which the atom leaves normal to the surface and the ionization probability. In
order to estimate the this ionization probability, we scattered a proton beam at a
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bariated tungsten surface under grazing angles of incidence and extrapolated the
experimental results, with a model on resonant charge exchange, to particles leaving
normal to the surface.

In calculating the ionization probability for a stationary atom located at a
distance z from a metal surface, the shift of the affinity level due to the attractive
interaction with its image charge in the metal has to be taken into account. In first
order this shift can be expressed as

e? 1
AEa(l) = dne, Ak ) [3.1]

where e is the electron charge, &, is the dielectric permittivity of vacuum and k¢! is
the electrostatic screening length in the metal.!’ When the atom moves closer to the
metal surface, the affinity level crosses the work function of the metal.
Subsequently, metal electrons can tunnel between the conduction band and the
affinity level of the atom. The affinity level broadens due to this interaction. The
corresponding level width A(z) depends exponentially on the distance z to the
surface,

A(z) = A(0) exp(-Bz) {3.2]
where B can be calculated using the theory of Gadzuk.!2 According to this theory,
the transition frequency depends strongly on the Fermi energy, i.e. on the width of
the conduction band of the metal. A higher Fermi energy corresponds to a higher
transition frequency.

In the so-called stationary phase approximation,!3 the ionization probability, 1,
for scattered (or sputtered) atoms can be expressed as

o0

i 1
=37 JN"'(Z) A(z) exp {;‘I z_[A(Z') dz'] dz [3.3)

Zo

where N—(z) is the ionization probability for stationary atoms, which is determined
by the overlap of the broadened affinity level and the metal conduction band!4 and
v, is the particle velocity normal to the surface. In Eq. (3), the ionization
probability is only a function of the velocity of the atom normal to the surface.
However, it was shown by van Wunnik et al., that the velocity of the hydrogen atom
parallel to the surface also influences the ionization probability.!5 This effect can be
introduced in Eq. (3) by shifting the Fermi sphere in k-space. In Eq. [3.3] only the
equilibrium charge N—(z) is affected by this shift. In our calculations the parallel
velocity was taken into account.

Geerlings et al., used the screening length to fit the theory with experimental
data. For the turning point they used the Bohr radius of the hydrogen atom (zy,=1
a,).16 This procedure gave a good agreement between theory and experiments for
scattering hydrogen from a W(110) surface covered with half a monolayer of
cesiumn. We used the same procedure to fit the experimental data, obtained in the
same experiment,16 for scattering hydrogen from a W(110) surface which was fully
covered with barium. However, there was a large discrepancy between the
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Table 3.1 The work function and the Fermi energy in eV for a half and a full monolayer
cesium coverage on W(110), and for a thick layer of barium or W(110). The latter contains at

least one monolayer,
Coverage Fermi Energy [eV] Work Function {eV]
0.5 monolay =r Cs 1.59 1.45
1 monolayer Cs 1.96 2.15
thick Ba layer 3.69 2.50

experimental values and the calculated.

This is probably related to the fact that for bariated tungsten, the region in which
the electron is captured is closer to the surface than for W(110) covered with half a
monolayer of cesium. This can be understood by examining the crossing point of
the affinity level and the work function of the metal. If the work function is higher,
the crossing point lies closer to the metal surface, which implies that the electron is
captured closer to the surface. The values for the work function and Fermi energy
for cesiated tungsten and barjum are gathered in table 3.1.

In order to increase the accuracy of our model calculations in the region close to
the surface, we introduced an additional term, similar to Eq [3.2], to describe the
effect of polarization of the the H- ion due to the attractive interaction with its
image charge. This additional term leads to a more precise description of the
bending of the affinity level close to the surface. The second-order shift of the
affinity level can be expressed as

AE.@ =-S—(-L o (3.4)
a Amey |41 2(2(z+kg))4

where o denotes the polarizability of the H- ion, which has a value of 65 a3.17 The
total shift of the affinity level is the sum of Eqs. [3.1] and [3.4). Secondly, instead of
using only the screening length as a fit parameter we chose for a more pragmatical
fitting procedure. We employed a free two-parameter least-squares fit, where the
additional free parameter is the turning point, z,,.

The experimental data used for fitting the theory are obtained from NIOBE
(Negative Ion Beam Experiment).!8 In this UHV experiment, a well defined proton
beam, of the order of 10-1t A, is scattered from a thoroughly cleaned and
subsequently bariated W(110) surface under grazing angles of incidence. The
negative ion fraction of the scattered beam is determined as a function of the angle
of reflection with an angular resolution of 1 degree. A dispenser is mounted in
front of the W(110) surface to create a (sub)monolayer coverage of barium.

In Fig. 2.4 in chapter 2, the negative ion fraction for primary energies of 250,
500 and 1000 eV are depicted together with the theoretical curve derived from the
two-parameter fit. For the 250 eV data, the screening length, ks-1, is 2.3 a, and the
turning point, z,, is 3 x 10-4 a,. The screening length has to satisfy a physical
requirement. It was shown in Refs. 19 and 20, that the affinity level approximately
joins the bottom of the conduction band for z=0. Substitution of 2=0 into Eq. (5)
and taking into account the electron affinity of the hydrogen atom (E, = 0.75 eV),
yields a screening length of 2.2 a,. Thomas-Fermi screening yields a value of 2.1 a,
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This is in good agreement with the value found from our fit. At this point it is
worthwhile to note, that the coadsorption of hydrogen and barium on W(110) does
not influence the ionization probability, as was also observed during experiments
with a W(110) surface covered with a full monolayer of cesium.?! For half a
monolayer coverage of cesium on W(110), the negative-ion fraction decreased with
a factor of three after the coadsorption of hydrogen of the order of 1000 Langmuir
of hydrogen.2!

As we stated in the beginning of this section, our goal is to derive a relationship
between the energy with which a hydrogen atom leaves the surface and the
probability that this atom becomes negatively charged. Therefore, we used Eq. [3.3]
with the screening length and the turning point found from the fit to calculate the
probability for an atom moving normal to the surface. The result of this calculation
is depicted in Fig. 3.2. Note, that for hydrogen atoms leaving the surface with a
relatively high energy, barium gives a reasonable ionization probability, as was also
pointed out in Ref. 22. For completeness, the curve for half a monolayer and a full
monolayer coverage of cesium are also included. Care should be taken in
interpreting Fig. 3.2, because the calculation moves close to the edge of the validity
of the underlying theory. Therefore, Fig. 3.2 is only meant to qualitatively
illustrate the effect of the wider conduction band and the higher work function of
barium compared to cesium.

3.3. Experimental set-up

In this section we shall briefly discuss the surface conversion source ALICE
(Amsterdam Light Ion Conversion Experiment), which was discussed more
extensively in Ref. 23. The newly installed magnetic analyzer, which is capable of
measuring the energy and the mass of the "self-extracted” negative-ion beam, is
discussed. In addition, the new barium converter is described.

3.3.a. ALICE, Amsterdam Light Ion Conversion Experiment
Fig. 3.3 shows a schematic crawing of ALICE. A hydrogen plasma, produced by
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Fig. 3.3. Experimental set-up of the Amsterdam Light Ton Conversion Experiment,
ALICE,

a hollow-cathode arc discharge, is confined by a magnetic field which is bent into a
U-shape. This is done to provide easy access to the plasma and to reduce deposition
of cathode material (tantalum) on the converter surface. The field of the confining
coil is usually between 100 and 400 Gauss. The discharge is equipped with two
cathodes. However, all measurements presented here, are obtained using only one
cathode. The arc current can be adjusted between 5 and 50 A. The converter is
mounted parallel to the anode. The converter is biased at a potential varying from 0
to -450 V. The "self-extracted” negative ions travel through the aperture into the
detector. Recently, a data acquisition system was installed, which largely reduces
the time needed to obtain experimental data with sufficient statistics.

3.3.b. The detector

Fig. 3.4 contains a schematic drawing of the new detector. It consists of a total-
current collector with an aperture with a width of 2 mm and a height of 1 mm, an
electron collector with an aperture of the same size to collimate the incoming beam,
a negative-ion collector and two Faraday cups. The magnetic field can be varied
from O to 4000 Gauss. The whole detector is mounted in an optically closed box.
There are three modes in which this new detector can operate. By setting the
magnetic field to approximately 100 Gauss and measuring the currents on the total-
current collector, the electron collector and the negative-ion collector, the extracted
ncgative-ion current can be determined. The second mode of operation is used to
determine the energy of the extracted ions. In this case, the current detected in
Faraday cup I is measured as a function of the magnetic field. The resolution in this
mode amounts to AE/E = 13.4 %. The third mode is used to determine the mass
distribution of the extracted beam. For this measurement, the incident particles are
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Fig. 3.4. A schematic drawing of the new detector. The incoming beam is collimated by
two slits and subsequently momentum analyzed with a variable magnetic field.

accelerated to 1 keV, between the total current collector and the electron collector,
and the current detected in Faraday cup II is measured as a function of the magnetic
field. The resolution in this mode amounts to Am/m = 19.9 %. Two Faraday cups
are used because we require different detection ranges in the different modes.

Our detector can also be used to mass-analyze a positive current which is directly
extracted from the plasma by reversing all potentials. Fig. 3.5 shows the mass
distribution of a hydrogen plasma. Clearly visible are the H*, H+ and Ha*+ peaks,
which one would expect from a hydrogen plasma. Fig. 3.5 has been measured
without a bias on the converter, which explains why no Bat peak is present. At this
point it is worthwhile to note that in the case of a pure argon plasma and a
convester bias potential of -200 V, barium was observed in the mass distribution,
whereas, for a pure hydrogen plasma barium was not observed. It is remarked, that
the sputter coefficient for 200-eV argon and hydrogen ions incident on barium is

1.0 ]:+ T

0.5 r 1 -
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Fig. 3.5. The mass distribution of a beam extracted directly from a hydrogen plasma. In
the insert, an enlarged view is given for the mass range 0 till 20 a.m.u. The ambient

hydrogen pressure is 0.1 Pa. The arc current is 20 A and the arc voltage is -100 V. The
field used to confine the plasma is 200 Gauss. The converter is not biased.
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estimated to be of the order of 2 and 0.01, respectively,? which difference of two
orders of magnitude explains the lack of barium in the case of a pure hydrogen
plasma. Note, that an argon plasma can be used to "clean” the barium surface due to
the high sputter rate.

3.3.c. The barium converter

For a bias potential of -400 V the converter extracts a current of the order of 1
A from the plasma. This implies that of the order of 400 Watt is dissipated on its
surface. This power has to be transported from the barium surface to the cooling
system, so that there should be a good heat contact between the surface and its
cooled support. The set-up we use consists of a water-cooled movable copper
support onto which a copper block, with a surface area of 20 x 60 mm and a
thickness of 20 mm, can be mounted. At the front of this copper block, a 5-mm
deep basin is milled. The basin is filled with pieces of barium and then heated
slightly above the melting temperature of barium (640 °C) under an inert
atmosphere. The liquid barium then fills the basin and the whole system is cooled
down to room temperature. After this step the surface is flattened and polished. A
converter prepared in this way proved to be satisfactory under all operating
conditions. After mounting the converter in the vacuum vessel, the distance between
the center of the discharge and the converter surface is adjusted to obtain a
converter current of the order of 1 A at a bias of -200 V. As mentioned before, the
barium surface is cleaned in-situ using an argon discharge and a converter bias of -
200 V. During the cleaning procedure, the current drawn by the converter is
~ontinuously monitored. When this current reaches a saturation value, the arc is
switched to hydrogen.

3.4. Experimental results

This section covers measurements done with our barium converter. The
measurements of the conversion efficiency, ny*, have been done with the old
detector which was discussed in Ref 23. All subsequent measurements of the energy
and mass distribution were done with the new detector.

The plasma density in the neighborhood of the converter surface can be
estimated by measuring the ion saturation current. The current drawn by the
converter versus the converter potential is depicted in Fig. 3.6. For low converter
potentials we see an increase of the current while for high potentials it more or less
saturates. From the onset of the current from zéro, we can estimate the plasma
potential, which amounts to approximately -50 V. This is a rather high value,
probably due to the Penning-like geometry of the discharge. We have a magnetic
field parallel to the anode which prevents electrons from moving freely towards it.
This causes the plasma potential to become negative to enable the flow of electrons
to the anode. Note, that the electrical current to the converter consist of three parts,
namely (i) the incoming flux of hydrogen ions on the converter, (ii) secondary
electrons emitted due to this incoming flux and (iii) negative hydrogen ions
produced at the surface. The latter constitute only a few percent of the incoming
beam and can be neglected in interpreting Fig. 3.6. The secondary electrons return
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instantaneously to the surface due to the strong magnetic field parallel to the
converter, which is used to confine the plasma column. Only a fraction of these
electrons can escape along the sides of the converter to the grounded shieldings.
Therefore, we expect that the electrical current to the converter gives a good
measure of the flux of positive ions drawn by the surface.

The ion saturation current density, Js, can be calculated using the expression

Jsal=nie‘\f—mi-gh [3.5]

where k is the Boltzmann constant, T, is the temperature of the electrons and m; is
the hydrogen-ion mass. Langmuir-probe measurements yielded an electron
temperature of 2 eV.23 Neglecting the experimental observation in Fig. 3.6, that the
current not fully saturates, this yields a plasma density in the vicinity of the
converter of the order of 101! cm-3, which is sufficiently low to have a negligible
attenuation of the negative ion beam on its way to the detector.23

Fig. 3.7 shows the measured mass distribution of the extracted negative ion beam
for a converter potential of -200 V and a pure hydrogen discharge. Only H- ions are
present in the spectrum. It is remarked that one would not expect to see any Ba- ions
in the extracted beam because the affinity level of barium in the ground state is
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positive. Moreover, this implies that Ba- ions cannot be formed via resonant charge
exchange with a barium surface. Measurements of the energy of the extracted beam
give insight in the production mechanism of the negative ions. If the particles arrive
at the detector with an energy (in eV) significantly larger than the converter
potential, this implies that they were scattered from the converter surface. Note,
that the final energy depends on the incident species; H*,H,* or Hy*. Negative ions
formed via scattering of H;* will acquire an maximum energy of 1.3 times the
converter potential, for H,* it is 1.5 and for H* it is 2 times the converter potential.
Particles having an energy of the order of the converter potential have escaped
from the surface with a low initial energy, i.e., they have been sputtered. Fig. 3.8
shows the energy distribution of the extracted beam for four different converter
potentials ranging from -140 to -200 V. Firstly, the peak height is seen to increase
with increasing converter potential. This is consistent with Fig. 3.6, where we see
an increase of the current drawn by the converter with increasing converter
potential in this range. Secondly, from the distributions it is clear that the particles
initially leave the surface with a low energy, which indicates that they were
sputtered from the surface. Only a small contribution of reflected particles are
observed in the tail of the distribution, which is partly related to the employed
"self-extraction” technique. Sputtered H- ions leave the converter surface with a low
initial energy and are subsequently accelerated across the plasma sheath normal to
the surface. Therefore, the angular distribution of these particles is expected to be
sharply peaked normal to the surface. On the other hand, scattered particles leave
the surface with a relatively large energy and therefore, the angular distribution for
these ions is expected to be less sharply peaked. Since only particles leaving normal
to the converter surface can enter the detector, sputtered particles thus have a
higher probability of being detected.

The conversion efficiency, which is defined as the extracted negative-ion current
divided by the current drawn by the converter, gives a means to compare different
surface conversion sources. It ranges from 2.5 to 5.5 % for sources which operate
with cesium vapor injection and a tungsten or molybdenum converter.525.26 In Fig.
3.9 we plotted the conversion efficiency obtained with our barium converter as a
function of the converter potential, for various arc currents. For low converter
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Fig. 3.9. The conversion efficiency as a function of the converter potential for arc

currents ranging from 5 to 30 A, The operating pressure is 0.1 Pa, the arc voltage is -100
V and the confining magnetic field is 200 Gauss.

potentials it increases and for higher potentials it saturates. The efficiencies we
measure coincide with the range of conversion efficiencies which have been
measured elsewhere using cesium vapor injection. The conversion efficiency
exhibits an interesting dependence on the arc current. Increasing the arc current
increases the plasma density and thus the current which is drawn by the converter.
The latter causes the negative ion current to increase. It is not expected to lead to an
increase of the conversion efficiency. However, from Fig. 3.9 we see an increase in
conversion efficiency with increasing plasma density. We shall discuss this
nonlinear behavior of the extracted negative ion current in the next section.

In Ref. 7 we showed that for a cesiated porous tungsten converter in contact with
a pure hydrogen plasma, the conversion efficiency drastically increased after
admitting a heavy gas, like xenon or argon, to the discharge vessel. To see whether
this enhancement of the conversion efficiency is also obtainable with a pure barium
converter, we seeded the pure hydrogen discharge with argon. This was done by
admitting argon to the vacuum vessel with a known back ground pressure. Part of
the argon gas is ionized in the discharge and contributes to the incident current to
the converter. The measured conversion efficiency versus the argon back ground
pressure is shown in Fig. 3.10. No significant increase or decrease of the
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conversion efficiency is observed. Note that for an argon pressure of 0.05 Pa, the
arc starts to run on argon. This is illustrated in Fig. 3.10, where we see a rapid
decrease of the arc voltage as a function of the argon pressure for values above 8 x
10-3 Pa.

In Fig. 3.11, the energy distribution of the "self-extracted" beam is shown for a
pure hydrogen plasma and for an argon seeded plasma. At this point it is
worthwhile to note that the positive hydrogen ion species distribution hardly
changes due to the presence of argon ions for argon pressures below 3 x 102 Pa.
For an argon-seeded hydrogen-discharge, the peak of the distribution lies closer to
the energy which corresponds to the converter potential. Note, that the shape of the
distribution changes for these two cases, however, the integral over the entire
energy range is more or less the same. An explanation for this constant value of the
conversion efficiency, which is in contrast with our cesiated porous tungsten
converter, is probably related to a decrease of the hydrogen coverage of the
converter after admitting argon to the discharge vessel. We shall elaborate further
on this subject in the following section.

3.5. Discussion

In the first part of this section we shall compare the results obtained with our
barium converter with more conventional cesium-seeded sources. An important
issue is the effect of adding a heavy gas to the discharge to increase the sputtered
flux of hydrogen from the surface. The second part deals with the increasing
conversion efficiency with increasing arc current.

3.5.a. The conversion efficiency

In table 3.2 we have collected some results obtained with other surface-
conversion sou-ces. The important parameter in this table is the conversion
efficiency, ny*, which is defined as the extracted negative-ion current divided by
the positive-ion current drawn by the converter. Our measurements show that with
a barium converter the conversion efficiency is roughly the same as with more
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Table 3.2 The (optimum) converter potential V¢, the current density Jsgy drawn by the

converter and the conversion eﬁcieﬂ in @ number ot negau‘ve-ion sources.

Vc[V] Jsar [mA/cm?] Nu*[%} Reference
-125 320 3.8 3

-160 100 5.5 5

-200 80 3.6 7

-130 48 4.0 25

=210 71 2.5 26
-200 183 4.2 This chapter

conventional converters. In section. 3.2, we deduced that this is partly related to the
width of the conduction band, i.e., the Fermi energy of the metal electrons. Due to
the relatively high Fermi energy of barium compared to cesiated tungsten,
hydrogen atoms leaving the surface with an energy in the range of 50 till 250 eV
have a relatively high ionization probability. Whereas, in the case of cesiated
tungsten, the ionization probability decreases with increasing energy in this range.
Furthermore, as we already noted in the introduction, it is resonable to assume that
the dynamical cesium coverage of a tungsten or molybdenum converter, in contact
with a cesium seeded hydrogen plasma, is not the "optimum" cesium coverage of
0.6 monolayers. The latter also partly explains why the conversion efficiencies
obtained with a barium converter are roughly the same as for a more conventional
cesiated converter. In spite of the similar values for the conversion efficiency,
however, a surface conversion source equipped with a barium converter is
favorable over conventional cesium seeded sources, where the large amount of
cesium gives rise to electrical break downs in the extraction system.

In Ref. 7 it was concluded that the role of cesium in a conventional surface
conversion source is not only to lower the work function of the converter surface,
but also to sputter hydrogen from the surface. It was shown that after admitting
argon or xenon to a pure hydrogen discharge, the negative-ion conversion
efficiency strongly increased. This is related to the fact that firstly , these heavy
ions have a larger sputter coefficient, so that more hydrogen atoms leave the
surface and secondly, the sputtered particles leave the surface with a relatively low
initial energy: for xenon a maximum of 3 percent of the incident energy of the
xenon ions, for argon a maximum of 10 %. Therefore, the angular distribution
becomes sharply peaked in the direction normal to the surface where these ions are
"self-extracted”. However, for a pure barium converter we observed no increase in
the conversion efficiency. We relate this to a reduction of the hydrogen coverage,
as will be discussed next.

3.5.b. The hydrogen coverage of the converter surface

In section 3.4 we showed the conversion efficiency as a function of the converter
potential for various arc currents in the range of 5 to 30 A. At that point we noted
that the conversion efficiency increases with arc current, which was not expected. A
possible explanation of this observation is that the hydrogen coverage of the
converter surface is a function of the current drawn by the converter. We will
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elaborate further on this subject in the following.

We assume that the detected negative-ion current solely consists of hydrogen
atoms which have been sputtered from the surface. This assumption is jusiified if
one looks at the energy distribution of the extracted beam, see Fig. 3.8. The flux of
particles leaving the surface, @y, is equal to the incoming flux multiplied by the
sputtercoefficient for hydrogen on at the surface adsorbed hydrogen, I'y.y.
Normally, a sputtercoefficient is based on the sputtering of a solid body, e.g. a
concentration of the order of 10?2 atoms/cm?. For our system we have to take into
account that the concentration of hydrogen at the surface is expected to be lower.
Therefore, we have to include a term which describes the probability of hitting a
hydrogen atom. This probability is equal to the ratio of the actual concentration,
C(z,t), at the surface and the hydrogen saturation coverage; ¢(z,t) = C(z,t)/c_,. Here
c(z,t) is the relative hydrogen concentration, which is a function of time, t, and
place, z, in the barium bulk, where z=0 represents the surface. @y can then be
calculated with

3
Dpgopus = €(z=0.t) Ty By, Dyv= Y, Dy, * 3.6}

where Ty denotes the sputter coefficient for stimulated desorption of hydrogen
atoms by incoming hydrogen ions, ®y* is the total incident flux of all hydrogen ion
species, @y are the incident fluxes of H;* ions and c(z=0,t) is the relative hydrogen
concentratlon at the surface. A fractlon Ny, of the sputtered flux becomes
negatively charged. The conversion efficiency can thus be written as
Nu* = NMu o(z=0.0) Th.u. (3.71

Since I'y.y, and 1y are believed to be independent of the incoming flux and on
the contamination with hydrogen of the surface, we conclude that the increasing
conversion efficiency is related to a changing hydrogen concentration at the
converter surface. In our view, the only non-linear process which could be
responsible for an increase of the hydrogen coverage of the converter surface with
increasing flux of positive hydrogen ions onto the surface, is diffusion of hydrogen
in barium. Peterson and Hammerberg reported a value for the diffusion coefficient
of hydrogen in barium of 3 x 10-5 cm?/s for a temperature of 200 °C.27

Our starting point for the model is the assumption that we have a half infinite
slab of barium which is exposed to a homogeneous flux of protons at the surface.
This effectively reduces our problem to solving the one-dimensional diffusion
equation,

2
acg,t) d S(ZE 1) (38]

where c(z,t) denotes the concentration of hydrogen in barium, the surface is at z=0,
and D is the diffusion coefficient. Due to removal of barium from the surface via
sputtering by incident hydrogen ions, the surface moves inwards with a velocity

Typa Put
o= R (3.9]

where 'y, de.otes the sputtercoefficient for hydrogen ions on barium and pg, is
45

v



the density of the barium metal. This movement of the surface can be incorporated
in Eq [3.8] by transforming the z-coordinate according to z' = z - v, t. This results
in an additional term in the diffusion equation,

2¢(z, dae(z, i

Furthermore, TRIM code calculations for this system show that the major part of
the incoming beam is implanted into the surface (o = 84 %) at a depth of the order
of 100 A.?8 Assuming a Gaussian implantation profile Eq. [3.8] becomes

dc(z.t) d2¢c(z,t) de(zt)  odyr Z-1
5 = D 32t Vw57 t Nr tm exp (- (_&_)2) [3.11]

where r and d are the range and deviation of the implantation profile. This equation
resembles the one used by Thompa, Carr and Seidl to calculate the surface coverage
of a tungsten or molybdenum surface bombarded with cesium ions.2? Substitution of
numerical values clearly indicates that in our case we can neglect the second term in
Eq [3.11]. Furthermore, since the diffusion rate is very high we can simplify the
implantation profile by assuming that the implantation takes place at the surface,
Eq. [3.11] reduces to Eq. [3.8]. At the surface we have the following boundary
condition,

D acagz,tg = oDyt - m?mm'¢ﬂd£ [(3.12]

sat

where o is the implantation fraction, ®yspu denotes the sputter flux from the
surface described by Eq. [3.6] and ®yq.; denotes the desorbed flux from the surface.
The latter is equal to the surface hydrogen coverage, ny, divided by the residence
time T; Pyg.s= nu/t. The hydrogen coverage of the surface can be calculated from
the relative hydrogen concentration at the surface multiplied by the hydrogen
saturation coverage, n_,.

The measurements show no variation on a time scale of the order of hours.
Therefore, we conclude that we have reached a steady state situation which means
that the concentration gradient at the surface is zero. From Eq. {3.12] and [3.6] we
can directly calculate the surface coverage under these conditions, this yields

n
c(z=0,0) = o (FH-H + (D:::'C 1, (3.13]
We can estimate, from the measurements, the hydrogen concentration at the surface
in the following way. The conversion efficiency amounts to 4 %. From the energy
distributions in Fig.3.9 we seen that the H-atoms leave the surface with an average
energy of the order of 20 eV. According to Fig. 3.2, these atoms have an ionization
probability of about 15 %. This corresponds with a surface hydrogen coverage of
30 % of the saturation coverage for an incident flux of 200 mA/cm2, With this
value and Eq.[3.13] we can calculate the residence time T, which amounts to 5 x 10-4
s. To check wether this value is resonable, we used the following equation to
calculate the desorption energy, Q,
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Fig. 3.12. The calculated hydrogen concentration as a function of the depth of the barium
surface and the exposure time. The target is exposed to a incident positive ion current of
100 mA/cm2,

T =1, exp (%) T, =103 5, kT = 0.05 eV {3.14]

which yield a desorption energy of 1.1 eV. This seems quite resonable. An other
important item which has to be checked is the time scale of the diffusion process.
Therefore, we solved the time dependent diffusion equation with a boundary
condition according to Eq. [3.12];

2
acg,t) =D d gizit) , cz0) =0, clooyt) =0,
dc(z.t) c(z=0,0) n,, [3.15)F
D Cé()it 0= ‘DH*(C—Z:' Ty.n c(z=0,1) - T)

This Equation can be solved analytically using Laplace transformations, the method
is described in appendix 3.1, the result is

c(z,t) =: erfc(\“;—t) - exp(a¢s+z + (a¢g+)2tJerfc(a¢H“\/Tt)‘_+ \J%)]
(3.16]

nsal

with a=Tyu+ Dyt

In Fig. 3.12 we have plotted the concentration profile as a function of time. We can
see that after about 5 minutes the concentration of hydrogen at the surface is
constant in time, whereas in the bulk, hydrogen still moves inwards. In Fig. 3.13 we
plotted the calculated relative hydrogen coverage (i.e. the ratio of the hydrogen
concentration at the surface and the saturation concentration) according to Eq.
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[3.16] of the surface as a function of the time for incoming positive hydrogen ion
currents ranging from 30 to 500 mA/cm?. For n_,, we assumed that each surface
barium atom can be covered by one hydrogen atom, this gives a value of 6 x 10
#/cm?. The curves have been calculated for a surface temperature of 230 °C. We see
that as a function of time the hydrogen coverage of the surface initially increases
and reaches saturation for times larger than 10 min. This equilibrium coverage is a
function of the incoming flux of positive hydrogen ions onto the surface.

Using Eq. (3.7] and the expression of Bodansky in order to calculate the
sputtercoefficient I'y.y, taking the ionization probability nyg to be 15 % for sputtered
particles according to Fig. 3.2, we are able to calculate the conversion efficiency as
a function of the converter potential for various arc currents. The result of this
calculation is depicted in Fig. 3.14. An arc current of 5 A corresponds with an
current density of hydrogen ions to the surface of 40 mA/cm? and an estimated
surface temperature of 230 °C. For 15 A arc current these values are 100 mA/cm?
and 240 °C and for 30 A, 200 mA/cm? and 244 °C. In the calculations we did not
take into account the increase of the surface temperature with increasing converter
potential. Comparing the calculated conversion efficiency in Fig. 3.14 with the
measured efficiencies in Fig 3.9 shows a reasonable qualitative and quantative
agreement between theory and experiment. Note, that we used the activation energy
according to Eq. [3.14] which was calculated using experimental and theoretical
data.

This model permits us to estimate the conversion efficiency for barium exposed
to much higher incident currents. For an incident current of 800 mA/cm< the
estimated conversion efficiency is around 7 % for an estimated surface temperature
of 260 °C. This corresponds with a produced negative ion current of about 60
mA/cm?2. According to Dimov and Belchenko, this current density may be increased
by a factor of two to three using geometrical focussing.

The last item we want to discuss in this section is the seeding of the hydrogen
plasma with argon in order to increase the sputter rate of hydrogen from ihc
surface. Measurements showed no effect of the seeding on the produced negative
ion current. We can include the additional sputtering of argon into our mode! by
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Fig. 3.14. The calculated conversion efficiency as a function of the converter potential for
arc current of 5,15 and 30 A. The desorption energy of hydrogen from barium is
calculated from the measurements.

subtracting ®a,pn = [arn c(z=0,1=00)®4,* from the left hand side of Eq. [3.12). The
resulting ccverage can be written as

® r+ nsﬂ
c(0,)=a [FH-H + Tarl ¢:+ + E)—H;l;)" [3.17]

where it is clear that seeding the discharge with argon decreases the hydrogen
coverage of the surface. Apparently, the increase of the sputter rate is compensated
by a decrease of the hydrogen coverage of the surface. The net effect of seeding the
plasma with nydrogen is negligible. However, hydrogen atoms sputtered by argon
leave the surface with & !ower energy compared by those sputtered by hydrogen,
therefore, despite the fact that the conversion efficiency does not increase, the
emittance of the source may improve.

3.6. Summary

We have shown, both experimentally and theoretically, that a surface source
equipped with a pure barium metal converter gives negative ion yields, which are
comparable with more conventional cesium-seeded sources. This approach
eliminates a main drawback of cesium seeded sources, namely the large amount of
cesium needed for efficient operation. From our theoretical study, we concluded
that the high electron density of barium compared to cesium is responsible for the
observed high negative-ion yields. Furthermore, experiments as well as model
calculations, indicate that the hydrogen coverage of the converter increases with the
increasing flux of positive hydrogen ions to the surface. This implies, that
increasing the plasma density increases the conversion efficiency of the source. For
a pure hydrogen discharge in contact with a cesiated porous tungsten converter,
such a behavior was not observed.26 According to the model, the time scale of the
diffusion process is controlled by the factor (a®y+)%/D. Since there is a good
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agreement between the time scale of the experiments and that of the model we
conclude that this factor is correct. The only two less known values in this factor
are the sputtercoefficient I'y y and the desorption time 1. If we chose I'y.y and fit the
measurements to obtain the desorption time T we obtain a good qualitative and
quantitative agreement between theory and experiment. Furthermore, with this
model we can estimate the produced negative ion current for high incident currents;
for 800 mA/cm? it is estimated that a current of 60 mA/cm? can be produced
without geometrical focussing.
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Appendix 3.1
In this section we will solve the time dependant diffusion equation as formulated
by Eq. [3.15]. Our problem is defined as

&k 3
S-D5;. D5El,,= <1>H+(c3‘- a c(O,t)), cz0)=0, c(o)=0 [3.AI]

sat

where a is defined similar to Eq. [3.16]. The Laplace transform of ¢(z,t), denoted as
c*, yields
[= 4]

: Lo oa LT .
c*(z,5) =0Je St o(z) dt = - Ojc(z,t) dest =2 Oj czpdt (s:C) [3.A2]

since ¢(z,0) = 0. With ¢,(z,t) = Dc,,(z,t) this reduces our problem to

D g
C*(z,8) = 5 C%,,(2,8) thus c*(z,) = A(s) exp( -z '\f %). (3.A3]
Back transformation of c*(z,s) for z=0 yields

c(O,t) = 2—17; Lj est A(s) ds [3.A4]

Note, that this can be done since c(eo,t) = 0. Differentiating Eq. [3.A3] with respect
to z and applying the boundary conditions for z=0 gives
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D c,(0,t) = }/;Dl_ [est A(s) Vs ds = dy ( o Ljest A(s) ds] [3.A5]

where L is some path in the complex plane. Back Laplace transformation of Eq.
[3.A5] yields an expression for A(s) which combined with Eq. [3.A3] gives the
concentration profile;

G.(DH*'
A = 3.A6
)= s ¢, (a®y* + VsD) | )

exp(st -z \l—]
[3.A7]

27'51 C s (aPy+ + \/sD)
L

The latter integral can be solved according to Abramowitz & Stegun (formula
29.3.89) and results in Eq. [3.16].

thus

c(z,t) =
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CHAPTER 4

SURFACE CONVERSION AT A CESIATED TUNGSTEN SURFACE

A fundamental study of the formation of negative hydrogen ions at a cesiated
surface is presented. The surface (converter) consists of a porous tungsten plate through
which liquid cesium can diffuse in order to obtain the surface coverage which evolved
from calculations of the cesium coverage of a tungsten surface immersed in a cesium
seeded discharge. This gives an efficient replenishing of the cesium sputtered from the
surface. Therefore, a full monolayer coverage is always maintained with this converter.
Energy distributions of the extracted negative ion beam show that the dominant
formation process is negative ionization of fydrogen atoms sputtered from the converter
surface. In this system the implanted Rydrogen ions are trapped in the tungsten surface
layers which results in a saturation of the converter with hydrogen. This could be
calculated analog to the modelling done for a pure barium metal converter on the
assumption that the process is sputter dominated rather than diffusion dominated.
However, the Aydrogen at the surface is sandwichied between the cesium adlayer and
the tungsten surface. Measurements show that the conversion efficiency (i.e. the ratio of
the extracted negative ion current and the positive ion current on the surface) scoles
with the sputter coefficient of hydrogen on adsorbed cesium. The derived ionization
probabifity for resonant charge exchange agrees well with earlier model calculations
derived from experimental data obtained in a UMV experiment.

4.1. Introduction

Research on thermonuclear fusion invoked a considerable research effort in the
formation of negative ions either via surface conversion or by means of volume
production or a combination of these two basically different processes. The interest
in this subject is related to the need of intense neutral hydrogen or deuterium beams
with an energy of the order of 1 MeV. These beams serve to heat, diagnose and
drive the fusion plasma. At these energies, the neutralization efficiency of positive
ions is very small.! However, for negative ions, the neutralization is of the order of
60 percent which makes negative ions interesting as an intermediate step in the
production of intense high-energy beams of neutral atoms. In this paper, we
present a fundamental study on the negative ion production process in a surface
conversion source. In particular a source with uses a converter surface covered
with cesium to provide the necessary low work function.

One of the first surface conversion experiments was done by Belchenko er al.,
who extracted a beam of negative hydrogen ions from a magnetron source.2 These
were produced on the cathode surface. It was generally believed that the conversion
process could be better controlled if it was separated from the plasma production
process. Therefore, in most subsequent experiments the negative ions are produced
on an isolated electrode, the so-called converter.3:45:6 The converter should have a
small work function to obtain a high negative ion yield. This can be achieved via
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adsorption of a sub monolayer cesium on a metal substratum.” Cesium vapor is
usually injected into the discharge chamber for this purpose.

In a typical negative-ion source, the converter is biased at a negative potential V,
of a few hundred Volts, so that it draws a flux of positive hydrogen ions from the
surrounding plasma. A fraction of these ions is scattered. Furthermore, adsorbed
hydrogen atoms are sputtered from the converter surface by incident positive
plasma particles. The scattered and sputtered hydrogen particles can be ionized via
charge exchange with the metal surface. Negative ions thus formed are accelerated
across the plasma sheath, a process known as "self-extraction".® The ionization
process is operative over a distance of a few times the Bohr radius a,, which is
small with respect to the sheath thickness. The latter is typically a few um in an
intense discharge. Therefore, the charge exchange process between metal surface
and hydrogen atom is not influenced by the sheath potential.

Insight into the conversion process can be obtained from the energy distribution
of the extracted ions. Leung and Ehlers measured this distribution for a converter
made from polycrystalline molybdenum, which was cesiated via vapor deposition.?
Van Bommel er al. did a similar study using different converter materials, mono
crystalline as well as polycrystalline.’® It was found in both studies that the
distribution has a dominant peak at an energy of roughly elV_ i eV. This implies that
the particle energy close to the surface is small compared with the sheath potential,
which suggests that negative ions are primarily produced via sputtering of adsorbed
atoms. Negative ions produced via scattering would leave the source with an energy
of roughly 2elV_ I eV, in particular when the converter is made from a heavy
element, Recent calculations of Belchenko and Kupriyanov on the energy
distribution of hydrogen atoms leaving the surface confirm this experimental
observation.!!

The abundance of sputtered particles in the extracted beam is related to the
applied geometry in the extraction region. The extraction aperture is 1.-1ally placed
in a plane parallel to the converter surface, so only those particles emitted under
more or less normal angles to the surface are able to leave the source. Close to the
converter the angular spread is considerable, both for scattered and sputtered ions.
It is reduced by the electric field in the plasma sheath, which increases the "normal
energy” by an amount elV | eV. The reduction is higher at a smaller initial energy,
which leads to the conclusion that the geometry favours the extraction of sputtered
ions. Note that it cannot be concluded that the formation of negative ions via
sputtering is also favoured. Wada et al. rotated the converter in such a way, that the
normal no longer pointed into the direction of the extraction aperture, and
measured a significant contribution of scattered particles to the negative ion yield.12

In a geometry as described above, the production of a large flux of sputtered
atoms is important to get a high negative ion yield. This is one of the subjects
studied here for the case of a porous tungsten converter with liquid cesium flowing
through it. This set-up has evolved from model calculations of the cesium coverage
of a tungsten surface immersed in a cesium seeded discharge. With the afore
mentioned set-up we obtained a full monolayer coverage of the tungsten surface,
independent of the plasma characteristics and the converter bias. This stable
converter composition enabled us to model the hydrogen sputtering process in a
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way analog to the the modelling done for a pure barium metal converter. In fact,
the proposed model is a specific solution of the general modified diffusion equation
derived for the barium converter.

4.2. Theory

The negative ion current density, J;-, can in its most general form be described
as a integration over the parallel, v/, and normal velocity, v,, of an ionization
probability multiplied by the flux of hydrogen atoms leaving the surface and an
attenuation factor;

o0 0o L

Jy- = Jdv [dv,myv v, ®y(v,.v,) exp( - Oj dl ¥njoi(v,v,)  [41]
0 0 i

where ny(v,,v,) denotes the ionization probability, ®y(v,,v,) denotes the flux of
hydrogen atoms leaving the suriace and the exponent is an attenuation factor which
describes the stripping of negative ions on molecules and plasma particles with their
respective densities, nj, and cross sections, 6j(v,,v,).

In a practical surface conversion source, only negative ions leaving more or less
normal to the surface are collected. ®y(v,,v,) is a sum of particles which are
reflected from the surface and particles which are sputtered or recoiled. Recent
work on the surface production of negative ions has illustrated that the negative ions
are dominantly formed via a combination of sputtering and recoiling.!* Both
processes result in hydrogen atoms leaving the surface with a relatively low energy,
of the order of a few tenth's of an eV. Subsequently, these particles are accelerated
across the plasma sheath which gives them an angular distribution which is peaked
around the normal. Reflected particles however, have an angular distribution which
is less peaked around the normal since they have an energy of the same order as the
sheath potential before they are accelerated across the plasma sheath. This is
illustrated in Fig. 4.1 which shows the calculated angular distribution of hydrogen
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particles reflected from a cesiated tungsten surface using TRIM and hydrogen atoms
sputtered from the surface.!4 In these simple calculations we assumed that all
particles, regardless of there transverse and normal energy, are negatively ionized
and subsequently accelerated across the plasma sheath. In view of the difference in
angular distribution of sputtered and reflected particles, ®y(v ,v,) can be
simplified by the assumption that only sputtered or re~~iled hydrogen atoms
contribute.

If the pressure in the surface conversion source is of the order of a few mTorr
and the plasma density is below 10'2 cm3 then the attenuation term can be neglected
if the path length, L, the negative ions travel is below 10 cm.!5-16 Furthermore, on
the assumption that the detection angle of our collector is small, we don't have to
integrate over the parallel velocity. Moreover, since we have constrained ourselves
to sputtered particles, we may simplify our integration by taking an average energy
with which the hydrogen atoms leave the surface. Eq. [4.1] then reduces to

ev,
iy dE
Jo- = [dv n(v)¢*(v)=J—r—n (E) @ *(E) ~ Nu(<E>) ®y* [42]
H 0‘- 1 "TH\Y L H 1 2E H H H H

where V_ denotes the converter potential, <E> the average energy of the sputtered
particles and ®* the sputtered flux. In the following two sections we will discuss
the two remaining factors, namely the ionization probability and the sputtered flux.

4.2.a. Ionization probability

The process of forming a negative ion via interaction with a low work function
surface is generally known as resonant charge exchange. This process has been
studied experimentally as well as theoretically for the last decades. We will briefly
discuss the process and give an expression for the ionization probability in the so-
called stationary phase approximation.

The affinity level of a hydrogen ion lowers when it comes in the vicinity of a
metal surface due to the attractive interaction with its image in the metal plane. This
lowering can be expressed as a function of the atom metal surface separation, z by a
0.25 (z + kg)'! dependence, where kg denotes the screening length of the metal
electrons expressed in atomic units.!” Due to this lowering, at short distances the
affinity level drops below the work function of the metal surface. At this point
electrons from the metal may tunnel through the potential barrier and populate the
affinity level. The tunneling frequency depends exponentially on the height and the
width of the barrier. In other words electrons tunnel between the affinity level and
the metal conduction band with a certain transition frequency (z) which is an
exponentially decaying function of the distance, z, between atom and metal.

Via this process of resonant population, the atom has a certain charge state, N~
(2), in the vicinity of the surface. When this atom moves away from the surface part
of this charge state decays depending on the normal velocity of the atom. If the
atom moves very slow, almost adiabatically, it will lose all of its charge. On the
other hand if the atom moves very fast with respect to the transition frequency no
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charge will be build up and also in this case no negative ion will be formed. In the
intermediate range we expect some probability of forming a negative ion. This
ionization probability can be calculated using the stationary phase approximation
which yields!8

00

Ny(E) =ny'(v,) = ;‘IJN—(z) w(z) exp [VII Jo@) dz'] dz. [43]
FA

Zs

Where N-(z) is an occupation probability depending mainly on the position of the
affinity level with respect to the Fermi level, which i> a function of z. With this
expression, the ionization probability can be calculated as a function of the energy
of the hydrogen atom leaving normal to the surface. Using the experimental data
from scattering experiments, under grazing angles of incidence, of van Wunnik et
al.’ and of van Amersfoort ef al.2¢ we can determine the screening length and use
Eq. {4.3] to calculate the ionization probability. The result of this calculation is
shown in Fig. 3.2, chapter 3 together with curves obtained in a similar way for a
tungsten surface covered with only half a monolayer of cesium and for a pure
barium surface. For sputtered particles, which have energies around 10 eV for a
converter potential of -200 V, the ionization probability is of the order of 10
percent.

4.2.b. Sputtered flux

In this section we will elaborate on the properties of the flux of sputtered and
recoiled particles. Generally, the sputtered flux is equal to an incident flux
multiplied by a sputter coefficient. However, in this case we are interested in the
sputtered flux of hydrogen particles from a surface. So in this case a description
with a "solid body" sputter coefficient is not appropriate. Van Os, van Amersfoort
and Los reported the use of a solid body sputter coefficient multiplied by the
probability of hitting a hydrogen atom located at the surface.13 This probability is
related to the relative hydrogen concentration at the surface,

C
R I [4.4]
csal
where ¢, denotes the hydrogen concentration at the surface, c, is the hydrogen
saturation coverage, I'y . is the sputter coefficient for hydrogen on adsorbed
hydrogen and ®* is the incident flux of positive hydrogen ions. The concentration
of hydrogen at the surface is due to implantation of the energetic hydrogen ions,
This incident flux also erodes the tungsten surface with gives the surface an inward
velocity,
Tyw ®y*

Vspul = pw

(4.5]

where p,, denotes the volume particle density of tungsten. This movement of the
surface causes implanted hydrogen to be liberated. A second important proportion
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is the diffusion of hydrogen in the converter material. These two processes can be
captured in the following diffusion equation,

de(z,t) - 9%¢c(zt) dc(z, t} _oady* Z-r
a[ D 322 + Vspu[ aZ Csa[d"j— (' ( d JZ) [46]

where we assumed a Gaussian implantation profile. c(z,t) denotes the relative
concentration of hydrogen in the bulk with respect to the surface (z=0), D is the
diffusion coefficient for implanted particles in the tungsten bulk, r and d are the
range and deviation of the implantation profile respectively and o is the implanted
fraction.

This equation has two regimes: a diffusion controlled regime and a regime which
is sputter dominated. In which of the two regimes we are working depends on
which term we may neglect at the right hand side of Eq. [4.6]. We can express the
ratio of the multiplication constants of the differentials in the equation as a
dimensionless number

D
Vspur W'
where w is a typical dimension in the process, e.g. the converter thickness. An
example of a process in the diffusion dominated regime is a barium converter in a
surface conversion source.!® In this case one can neglect the second term on the
right hand side of Eq. [4.6] and assume that the entire implanted flux is collected at
the surface. This reduces Eq. [4.6] to a simple diffusion equation with boundary
conditions, which can be solved analytically as has been shown by van Os, van
Amersfoort and Los.!? If the process is sputter dominated then we can neglect the
first term in Eq. [4.6] and solve the equation. In view of the experimental
observation that the conversion efficiency is constant as a function of time, we
conclude that a stationary situation has evolved, which means that the left hand term
in Eq. [4.6] is equal to zero. We will present an analytical solution of this sputter
dominated model with the discussion of the experimental data.

(4.7]

K=

4.3 Experimental arrangement

The set-up of the experiment is shown in Fig. 4.2, the system is discussed in
great detail in Ref. 21. In summary, the plasma is produced with a hollow cathode
arc discharge. The plasma is confined by an axial magnetic field of 20" Gauss. It is
bent in a U-shape to avoid pollution of the converter with cathode material. The
source contains two cathodes, however the experiments are done using only a single
one. The arc current can be varied from 5 to 35 A.

The converter potential can be biased from 0 to -350 V with respect to the anode
potential. This potential serves as extraction voltage for positive ions diffusing into
the plasma sheath as well as acceleration potential for the formed negative ions.
This method is generally referred to as “self-extraction”. The formed negative ions
are collected in a Faraday cup after removal of electrons by means of a magnetic
field. Furthermore, the Faraday cup can be replaced by a magnetic analyzer with
which the mass and energy distribution of the "self-extracted” negative ion beam
can be measured. The resolution for energy measurements is AE/E = 13.4%. After
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Fig. 4.2 Experimental arrangement of the Amsterdam Light Ion Conversion Experiment
(ALICE).

acceleration of the incident particles to 1 keV the mass distribution can be
determined, with a resolution of Am/m = 19.9%. It is also possible, by reversing all
potentials of the detector, to extract directly a positive current from the plasma.

In the following we will first present model calculations for a tungsten surface
immersed in a cesium seeded plasma. This is a well known method for obtaining a
cesium coverage of the surface in order to lower the work function. From the
calculations of the cesium coverage in such a system, it is clear that maintaining an
optimum, i.e. half a monolayer-, coverage is difficult and puts a severe constraint
on the operation regime of the converter bias and plasma parameters. Therefore,
we chose for a different type of converter with cesium coverage which will be
described in the second part of this section.

4.3.a. Cesium coverage of a tungsten surface immersed in a cesium
seeded hydrogen discharge

A schematic view of the deposition process at a conversion surface immersed in
a cesium seeded discharge is shown in Fig. 4.3. The converter is covered with 6,
monolayers of cesium. It is biased at a negative potential V_ with respect to the
anode potential. The associated electric field is concentrated in a thin layer, the so-
called plasma sheath. The sheath thickness is typically a few um in the type of
sources relevant for our calculations.

The surface is exposed to a flux of thermal cesium atoms, positive cesium ions
and hydrogen ions. Calculations of the mean free path for ionization of thermal
cesium atoms in a hydrogen plasma show that with a vapor injection scheme all
cesium atoms are ionized before they reach the converter surface. Therefore in the
model only cesium ions and hydrogen ions are used as the incoming fluxes. The

59



Cesium Seeded Hydrogen Plasma ! Sheath

Fig. 4.3 A schematic presenta-
tion of the various flows of
neutral and ionized cesium
particles towards the converter
surface.

Ionization

Loss of neutral cesium

R e

correspondmg fluxes are denoted as @, and @y, respectively. The presence of
molecular ions (i.e. Hz or H3 ions) is neglected. A fraction of all incident cesium
particles is trapped at the surface, a fraction is implanted in the tungsten and the
remaining fraction is scattered. Furthermore, adsorbed particles are sputtered by
incident cesium ions and protons, which are accelerated by the negative converter
potential. There are thus two effects that contribute to a flux of cesium particles
leaving the surface. These are either neutral or positively charged. The ion
component returns to the surface due to the electric field in the plasma sheath. The
neutral component does not feel the electric field and flows to the plasma. Note that
it is implicitly assumed here that the mean free path for ionization is larger than the
sheath thickness. The returning ions initiate a new step of trapping, scattering and
sputtering phenomena. Consequently, a loop structure in the adsorption process
develops. One loop is shown in Fig. 4.3. The neutral component in each loop flows
to the plasma.

The evolution of the cesium coverage is calculated as follows. The surface is
exposed to the involved fluxes for dt seconds and the loop structure initiated by this
exposure. A rate equation is obtained from a balance of source and sink terms. The
equilibrium coverage due to adsorption can be found by determining the time
independent solution of this rate equation. Van Amersfoort et. al found for the
coverage due to the adsorption; 22

6. = (1 _u) {P(Ei!eCs)+ ﬂc5(9_c5)[ 1 'P(Ei’eCs)]} ¢Cs
Csa {1-N¢(Oc) H T cs.cs(EisBe)Pes+ Ty 6 (EiOcs) Py )

where o is the implanted fraction, E; is the incident energy, P(E;,0c,) is the
trapping probability for cesium ions and M¢,(0¢,) is the ionization degree of the
sputtered cesium particles as a function of the surface coverage. I'¢, ¢ (E;,0¢,) and
Ty.e(EiB¢,) are the sputter coefficients, respectively for incident cesium and
hydrogen ions on an adsorbed cesium layer on tungsten.

So far we did not discuss the consequences of the cesium ions that are implanted
into the tungsten surface. Tompa, Carr and Seidl set up a model to calculate the
equilibrium coverage due to implantation.2® Their model is based upon a
differential equation analogous to Eq. [4.6]. The only difference is that they
accounted for the effect that implanted cesium particles in the tungsten bulk result
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Fig. 4.4 The calculated cesium coverage of the converter surface as a function of the
converter potential for various implantation fractions.

in a rearrangement of the tungsten. For hydrogen as incident particles, this effect
can be neglected. In their model we defined the incoming flux as @y, = Oy + ¥,
For the cesium coverage, only the sputtering of the target material by hydrogen
ions is relevant, implantation of hydrogen into the tungsten suriace is not described.
If diffusion is neglected, the result of this model is the following analytical
expression

K O

Oc:i = (Ceew(E)+ Bru.w(Ep) (491
where x can be calculated from the measurements of Tompa et al. and I'¢, w(E;) and
T'y.w(E;) are the sputter coefficients for incident cesium and hydrogen ions on
tungsten, respectively.?¢ The factor B is defined by ®y= B ®¢,. This gives an
additional term in the time independent solution of the rate equation. The resulting
coverage can be written as the following implicit equation,

Oecm (1-00) ——PEBC Te BcI1-P(EBe)]) De
Cs™ { 1 'nCs(eCs) } { rCS'CS(Ei’eC5)¢CS+rH-Cs(EiseCS)d)H }

[4.10]
K O
Y (T w(E Bruw(ED)

This equation can be written as a term which describes the coverage as a result
of the adsorption process O, and a term which describes the coverage as a result
of the implantation process Oc;;

8cs= (1-0) Oc;, + @ Ocie [4.11]
The implantation fraction o determines which of the two processes, adsorption or
implantation, is dominant. In the following we will present numerical solutions of
this equation,
The incoming positive ions reach the converter with an energy E;, which is
proportional to the converter potential V. minus the plasma potential V,,
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Fig. 4.5 The calculated cesium coverage of the converter surface as a function of different
cesium seeding fractions for a converter potential of -150 V.

Ei=e l V.- Vpl eV. For our hydrogen discharge the plasma potential amounts
roughly -50 V. In Fig. 4.4 the calculated cesium coverage is shown as a function of
the converter potential for various implantation fractions o. The cesium ion
contribution to the total ion current on the converter, O /(D + Py), is taken equal
to 1 %. For o = 100 % the curve agrees with the measurements of Tompa et al. For
o = 0 the curve coincides with the calculations of van Amersfoort et al. From
TRIM calculations we derived an implantation fraction of around 80 % for the
energy range 30-300 eV. Note that the implantation fraction is constant over this
energy range. Using the known relation between cesium coverage and work
function we observe a minimum in the work function for a converter potential of
the order of -130 V for an implantation fraction of 80 %. Van Wunnik es al.
showed that 2 lower work function results in a higher H- ion yield.1® The existence
of a maximum in the extracted H- current as a function of the converter potential
has been observed in various sources employing a vapor injection scheme.34 In
Fig. 4.5, the coverage is plotted for different cesium fractions in the discharge for a
typical converter potential of -250 V. For low fractions we see an increase of the
coverage with increasing fractions and for higher fractions the coverage saturates.
From this figure we may conclude that it is not useful to "overdose” the discharge
with cesium to obtain a higher coverage.

4.3.b. Porous tungsten converter with liquid cesium supply

In view of the considerations and calculations shown above, a cesium coverage
independent of the converier potential cannot be obtained using a cesium vapor
deposition method. From the calculations it is clear that the only method of
increasing the coverage is to increase the flux of neutral cesium atoms towards the
surface. The method we choose to increase this flux is to use liquid cesium diffusing
through a porous converter.

The converter is made from sintered tungsten with a porosity of 20%. Behind

62



Car?

"_"—' Quarts Tube

Markers to measure Flowrate

|
|
1

4

Fig. 4.6 The quarts-tube used to

measure the flowrate of cesium
Liquid Cesium through a porous tungsten disk.
Porous Tungsten plate The entire set-up is heated to 100
°C.

1

T
I REERRURNEN
it

Cesium Supply

the porous tungsten plare is a reservoir with liquid cesium which can diffuse
through the plate. The reservoir can be pressurized with argon gas. In order to
check whether this method is feasible we set-up a small experiment as depicted in
Fig. 4.6. It consists of & quarts flow tube in which a porous disk with a thickness of
1 mm. is mounted and a vertical quarts flow tube to measure the flow of cesium
through the disk. The whole system is mounted into a vacuum vessel and evacuated
to 10-7 Torr. After heating of the entire system to about 100 °C, liquid cesium is
admitted from the right side of the quarts tube and pressurized to force it through
the porous disk. Under these conditions a flow rate of the order of 1018 atoms cm2
s-1 was measured. The latter is more than three orders higher than the rate with
which cesium is removed from the surface via sputtering.

It appeared in running the source with this converter that afier saturating the
porous tungsten with cesium it was not necessary to pressurize the reservoir to
maintain the cesium coverage. Apparently, the concentration gradients at the
surface are sufficiently large to replenish all cesium which is removed via
sputtering. Even after seeding the discharge with heavy ions like xenon or argon,
no depletion of the surface coverage was observed. The latter could be checked
experimentally by applyirz pressure to the reservoir and thus enhancing the cesium
flow towards the surfz.-- :{ .ne surface coverage would have been depleted it would
instantly be replenished and one should be able to see an effect in the extracted
negative ion current. Since, reducing the coverage in the range between a full
monolayer and a half monolayer, lowers the work function which enhances the
ionization probability and therefore the negative ion yield.

4.4. Experimental results

With the magnetic analyzer, described in detail in Ref.13 , the energy and mass
spectra of the self extracted negative ion beam have been measured. From the
energy distribution in Fig. 4.7 it is found that most of the detected particles are
produced via sputtering from the converter surface, since the peak energy amounts
roughly [V¢-Veyile eV. For negative ions produced via reflection an energy of 12V,-
Vp-Veule eV is expected, where Vex denotes the (negative) bias of the detector to
suppress electrons from the plasma. Vex is of the order of the plasma potential Vp,
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which is of the order of -50 V.

In the mass distribution in Fig. 4.8 of the extracted negative ion beam only H-
ions are observed. This is expected because surface production of Cs- ions is not
very probable due to the small velocity with which Cs neutrals leave the surface.
Furthermore, it is impossible to detect Cs- ions which might be formed in the bulk
plasma because no active extraction from the plasma takes place.

The position of the peak in the energy distribution as a function of the potential
difference between converter and detector is shown in Fig. 4.9. The straight line
denotes the energy expected for particles produced via sputtering. The error in the
position of the peak is of the order of 20 %. For potential differences greater than
200 V the peak position follows the straight line indicating that in this case the
production mechanism is fully dominated by sputtering. Below 200 V potential
difference the peak position falls above the straight line with an increasing deviation
for lower potential differences. This indicates that for these lower potential
deferences, the scattering of particles gives a noticeable contribution in the
produced negative ion current. This can be seen in the measured energy distribution

Intensity [arb. units)
NS

1 1 M

0 100 200 3C0

Mass [a.m.u.}
Fig. 4.8 The measured mass distribution of the "self-extracted" negative ion beam.
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in Fig. 4.7 where a high energy tail is present.

The measurements of the conversion efficiency (i.e. the ratio of the extracted
negative ion current and the positive ion current incident on the converter surface)
depicted in Fig. 4.10, as earlier reported by van Os, Granneman and van
Amersfoort, show an increase at low converter potentials and a saturation at higher
potentials.!® Although, the measurements taken for different arc currents are not
identical, no clear dependence is seen as a function of the arc current, i.e. the
positive ion current density on the converter surface. This behavior is in sharp
contrast with the measurements of the conversion efficiency as a function of the arc
current for a barium metal converter.!3 The values obtained for the conversion
efficiency are an order of magnitude lower than values obtained with cesium seeded
discharges. Furthermore, no clear optimum is observed as a function of the
converter potential, whereas in the other sources an optimum for V. between -100
and -200 V is reported. The latter is probably related to the scheme we used to
obtain a surface coverage of cesium. This coverage is independent of the discharge
characteristics and the converter bias, whereas, the afore mentioned maximum in
conversion efficiency was observed in sources using a cesium vapor deposition
method. In section 4.3.a. we showed that with such a method the cesium coverage
(i.e. the work function of the converter surface) is a function of the converter bias
which accounts for the observed maximum.

_ 05
=
}; 0.4F Fig. 4.10 The conversion effi-
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4.5 Discussion

The conversion efficiency, as shown in Fig. 4.10, is independent of the arc
current and therefore independent of the incoming flux. We showed in a previous
report!3 that in the case of a diffusion dominated process (e.g. barium) the
conversion efficiency increases with increasing incoming flux. The diffusion
coefficient for hydrogen in barium is 3. 10-° m2 s-1 at T=470 K 25, whereas for
hydrogen in tungsten it is only 10-15 m? s-1 26, Taking into account that our
converter consists of 80% tungsten we can conclude that in the case of our
cesium/tungsten converter the diffusion term in Eq.[4.6] is negligible. The
resulting equation then reduces to:

S

The solution of {4.13], as described in the appendix, can be written as:

c(z) = ﬁ%(erf(ﬂ&ﬂ'—’) ; erf(-z(i—r) } [4.13]

At the surface (z=0) and at infinite time t this solution becomes:

_ _OPw__ ).«
c(0,00) = 2CsatrH-W( 1 + erf(d) )~ Taw - [4.14]

TRIM code simulations show that both the range, r, and deviation, d, of tie
implantation profile scale with the energy E [eV] of the incoming particles in the
region we are working in, with an amount r/d=1.4 E. From Fig. 4.11, which shows
the behavior of ¢(z,t) according to Eq. [4.13] we can conclude that after a few
seconds the tungsten is saturated with implanted hydrogen, which means that we can
neglect the process in the bulk and only have to consider the surface processes.
Furthermore, it is seen from Eq. [4.13] that in the case of a very small sputter
velocity the contribution of the sputter dominated process becomes negligible and
we have to take into account the diffusion term again.

Substitution of numerical values in Eq. [4.14] gives a steady state concentration
near the surface of about 30 times the number density of tungsten. This is from a
physica. point of view rather unsatisfying. Therefore, a closer analysis has been
undertaken to check whether diffusion of hydrogen in the grains of the sintered
porous tungsten reduces this high concentration. In calculation this process we
assumed a semi infinite cylinder (the tungsten grain) which front side is exposed to
a flux of hydrogen ions. The boundary condition is chosen such that the
concentration at the wall of the cylinder is zero. This is a justifiable assumption if
one considers that all grains are surrounded by liquid cesium. Once a hydrogen
particle diffuses into the liquid cesium it will be removed very quickly either via
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Fig. 4.11 The calculated relative hydrogen concentration as a function of place in the
converter bulk and exposure time.

rapid diffusion in the liquid cesium or via diffusion along the cesium-tungsten
interface.

For a cylinder diameter of 10 um and an incident flux of 1017 cm™ a steady state
concentration at the surface of 0.48 x 1023 cm-3 is calculated. For a larger cylinder
diameter the concentration increases and for a smaller diameter it decreases.
Increasing the incident flux also increases the concentration. The average grain size
in the porous tungsten is of the order of 10 pm. From this simple reasoning we see
that for an incident flux of 10'7 cm2, which is equal to about 20 mA/cm? we
saturate the tungsten grains with hydrogen. The incident fluxes of the experiments
reported here were all above 20 mA/cm? so we may conclude that we always have a
fully with hydrogen saturated converter surface.

At the surface the hydrogen is sandwiched between the cesium monolayer?? and
the tungsten surface, therefore we should take the sputter coefficient for incident
particles on cesium rather than on hydrogen. In other words, it is assumed that the
removal of one cesium atom from the surface results in the liberation of one
hydrogen atom. Based on this assumption we can rewrite Eq. [4.4] using Eq. [4.2]
as

@y~ =My e Put [4.15}
where Ty is the ionization probability. With this assumption the conversion
efficiency can be written as:

My* ="Mu e
The sputter coefficient can be calculated as a function of the energy of the incident
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Fig. 4.12 The conversion efficiency as a function of the sputter coefficient for hydrogen
on adsorbed cesium. The datapoints are averaged over the arc currents.

particles (i.e the converter potential) with the formulas of Bohdansky.28 Fig. 4.12
shows the conversion efficiency as a function of the sputter coefficient for hydrogen
on a full monolayer of cesium adsorbed on tungsten. From a linear regression we
find for the ionization probability 1y = 0.10 £ 0.03, which is in good agreement
with model calculations based on resonant charge transfer, see Fig. 3.2, chapter 3.
The conversion efficiencies obtained with our porous cesium/tungsten converter
are an order of magnitude lower (0.5 %) than those obtained with sources with a
cesium vapor injection scheme (2-5 %), see table 3.2, chapter 3. In the case of
cesium vapor injection there is a high Cs* ion density in the discharge. To
investigate the role of Cs* ions we admitted a rare gas (Xe or Ar) to the discharge
to simulate the sputtering effect of the Cs+ ions. Van Os and van Amersfoort?® did
such an experiment which showed an increase of an order of magnitude of the
conversion efficiency with increasing heavy ion flux as depicted in Fig. 4.13. We
can understand this by examining the sputter coefficient for Art and Xe+ on
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Fig. 4.14 The conversion efficiency as a function of the total sputter coefficient for a
xenon or argon seeded hydrogen discharge.

cesium/tungsten, which is a factor of 100 larger than for H+ on cesium/tungsten.
Fig. 4.14 shows the dependence of the conversion efficiency on the total sputter
coefficient Ty,

Tio1 = frare Trare-cs + fu Thecs [4.17)

where fi. and fy are the abundances of rare gas and H+* ions respectively, with
frare+fu=1. Assuming again that every sputtered cesium atom results in one sputtered
hydrogen atom and plotting the conversion efficiency as a function of the sputter
coefficient in a similar way as described above only using now the total sputter
coefficient instead of the sputter coefficient of hydrogen on cesium we arrive at an
ionization probability of ny = 0.09 + 0.01 (see Fig. 4.14). This value is consistent
with the earlier determined value and in good agreement with the calculated
ionization probability according to Fig. 3.2, chapter 3.

4.6.Conclusions

Summarizing, the values obtained from our surface conversion source for the
ionization probability for the resonant formation of a negative hydrogen ion agree
well with earlier model calculations on resonant charge exchange and experiments
done in a UHV experiment. The only assumption used in obtaining the ionization
probability is that each cesium atom sputtered from the surface results in the release
of one hydrogen atom. This assumption seems reasonable if one considers that the
hydrogen at the surface is sandwiched between the cesium adlayer and the tungsten
surface. That the majority of the negative ions collected in our detector is produced
via sputtering is confirmed by measurements of the energy of the negative ions. It
appeared that at the surface these particles have an energy of the order of a few
tenth's of an ¢V which means that they are produced via a combination of sputtering
and recoiling and not via direct backscattering.

Model calculations of the cesium household for a solid converter immersed in a
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cesium seeded discharge show that the cesium coverage of the converter is a strong
function of the converter bias. The set-up we used, a porous tungsten converter
with liquid cesium diffusing through it, always has a full monolayer coverage of
cesium due to the efficient replenishing of the sputtered cesium. Moreover, this
arrangement results in a low cesium content of the hydrogen discharge which
enabled us to study the effect of heavy ion sputtering in the negative ion production
mechanism.

Model calculations on the hydrogen household of the converter show that the
surface layers are saturated with hydrogen due to the very low diffusion coefficient
of hydrogen in tungsten. The hydrogen located near the surface can only be
liberated via removal of tungsten from the surface by means of sputtering. In this
case we call the negative ion formation process sputter dominated. This is in
contrast with experiments done with a barium converter, due to the high diffusion
coefficient for hydrogen in barium no saturation occurs, this regime is diffusion
dominated. In the latter case, the conversion efficiency is an almost linear function
of the incident positive hydrogen ion flux on the surface, whereas for a
cesium/tungsten converter no such increase is observed.
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Appendix 4.1

Here we will solve the equation as formulated by Eq. [13]. Our problem is defined
as

sat’

With z,t 2 0. The surface is at z=0, z>0 is into the bulk. The initial condition is
c(z,0)=0, the boundary condition is c(ee,t)=0. Using the method of characteristic
equations we find

“VspuOt = 0Z = Veput+2z=7Y [4.A2]

K exp - (z._(;__r]z dz= -vgpuoc = c+K'erf (Z (; r)___ B. [4.A3]
Where,

K'= KV P and vepy, = Lo 0y [4.A4]

- 2Vspul - 2csal ww
Setting B = f(y) we find:

Pw
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¢ +K' erf (z_dz) = f(Vapuit + 2) . [4.A5]

The initial condition then gives:

f2) = K' erf [Ed—’) [4.A6]
and therefore, with argument vspt + Z instead of z in Eq.[4.A6], we find finally:
_ _Oopw Z+Veput-r) Z-1
c(z,t) = T [erf [ d ) erf [ 3 ) ) [4.AT]

The concentration is determined except for a single constant. However at z=co
Eq.[4.A7] already gives c(eo,t) = O (boundary condition), which means this constant
is zero.
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CHAPTER 5

TRANSPORT OF NEGATIVE IONS THROUGH A BUCKET SOURCE

An experimenial study on the production of negative ions at a pure barium surface
mounted in a multicusp bucKet source is presented. The conversion efficiency, i.e. the ratio
of the extracted negative ion current and the positive ion current incident on the surface,
for deuterium and for hydrogen fiave been measured as a function of source pressure,
converter bias and distance Between conversion surface and extraction aperture. ‘The
conversion efficiency for deuterium is somewhat larger when compared to hydrogen. The
conversion efficiencies obtained agree with a model taking into account the
concentration of Aydrogen in the barium surface layers. The cross sections which were
measured for the stripping of negative ions by neutraf gas agreed well with values from
literature. The experimentally determined divergence of the surface produced beam was
4.5° for hydrogen and 3.6° for deuterium at an energy of 100 V. At a source pressure of
5 mTorr, the volume produced negative ion current could be enfianced by 10 %, for 1
nilorr this enfiancement was of the order of 25 %.

5.1. Introduction

For the next generation of fusion devices, it is necessary to develop a negative-
ion based neutral beam injector for effective plasma heating and current drive.!>2
Negative ion currents of the order of 100 A with an energy of at least 500 keV are
needed for this purpose.? At the high energy required, the neutralization probability
for Dy* is of the order of 20 percent, for D,* 10 percent and less than 2 percent for
D+ ions. However, for negative ions the neutralization probability is as high as 60
percent for a gas target which makes these ions essential for neutral beam
production.

At present, two methods to obtained large currents of negative ions are
extensively studied; volume production and surface conversion. The first process is
studied in magnetically filtered multicusp sources.4»5-6:7:8 The magnetic filter is
used to separate the plasma production region (driver region) with a high electron
temperature, and the extraction region with a low electron temperature. The
negative ions are exiracted from the latter region. The production mechanism is
believed to be a two step process: firstly the generation of highly vibrationally
excited hydrogen molecules followed by dissociative attachment with slow electrons
in the extraction region,

The second process is studied in basically two different experimental
configurations. The first method is mounting a surface (the converter) in a
multicusp source and running the source with a cesium seeded discharge.9:10 The
other approach is to use a hollow cathode arc to produce a highly ionized plasma
which is brought into contact with a surface.11:12:13 Both methods employ a tungsten
or molybdenum surface covered by cesium to lower the work function and thereby
enhance the negative ion yield.'* Recently, experiments on scattering a proton beam
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from a barium surface under UHV conditions showed it to be a good candidate to
replace the conventional cesium covered surfaces.!S Application of a pure barium
metal converter in a surface conversion source, which uses an hollow cathode arc
discharge, proved to be quite successful.!¢ The conversion efficiency (i.e. the ratio
between the extracted negative ion current and the positive ion current incident on
the converter surface) for a barium converter was of the same order as conversion
efficiencies obtained with more conventional cesium covered converters.

This paper deals with the use of a barium converter in an magnetically filtered
multicusp volume source. The primary goal of the experiments was to expose the
converter to a high incident flux of positive ions to verify the theoretical diffusion
model set-up at the FOM institute in Amsterdam.!” Some of the details of this model
are presented in the next section. A second area studied was the transport of the
surface produced negative ions through the source into the movable accelerator.
Finally, this paper describes the enhancement of the total extracted negative ion
current by the combination of volume- and surface production at low source
pressures.

5.2. Theoretical considerations regarding surface ionizaftion

Generally, a surface conversion source consist of two components, a plasma
source and a metal electrode, the so-called converter, which is brought into contact
with the plasma. The converter is usually biased at a negative potential of the order
of a few hundreds of volts which extracts positive ions from the surrounding
plasma. This incident positive ion current can be converted inio a negative one via
surface conversion. The production of these ions is dominated by the following two
processes. Firstly, the conversion of a hydrogen atom moving away from the
barium surface into a negative ion and secondly the production of the flux of
hydrogen atoms moving away from the surface.

The first process is called resonant charge exchange and has been widely studied,
theoretically?® as well as experimentally!?, for a molybdenum or tungsten surface
covered with half a monolayer of cesium. Only recently, theoretical and
experimental work on resonant charge exchange with a barium surface has been
carried out.'¢ In the following section we will briefly explain the important
parameters of the resonant charge exchange.

The second process, the mechanism responsible for the flux of hydrogen atoms
leaving the surface has recently been modeled in terms of implantation, sputtering
and diffusion of hydrogen into barium.!” A brief summary of the model will be
given in the last part of this section and the importance of the time-scale of the
experiments will be explained.

5.2.a. Resonant charge exchange (RCE)

As mentioned before, the converter surface is exposed to a flux of positive ions
from the surrounding plasma. In the vicinity of the surface, these ions are
effectively neutralized, probably via resonant neutralization into an excited state,
followed by Auger deexcitation to the ground state. Since, these atoms have an
energy of the order of a few hundred eV, most of them will be implanted into the
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surface. According to TRIM (TRansport of lons in Matter) calculations, about 84 %
will be implanted.2? However, the incoming particle may sputter an already
adsorbed atom from the surface. These atoms combined with the directly
backscattered atoms may become negatively charged via resonant charge exchange.

Close to the surface, the affinity level of the hydrogen atom is shifted
downwards due to the attractive interaction with its image in the metal. At these
distances the affinity level is below the work function of the metal, i.e. the level is
resonant with the metal conduction band. This means that electrons can tunnel
between the metal conduction band and the broadened affinity level. Important
parameters are the electronic characteristics of the surface, the work function, the
Fermi energy and the atomic affinity level. All three parameters depend on the
species used. For bariuin the work function is 2.5 ¢V and the Fermi energy is 3.65
eV, the affinity level for hydrogen and deuterium is 0.75 eV. If the atoms move
adiabatically away from the surface, the probability that a stable negative ion is
formed is zero. However for higher velocities, this probability is non zero.
Therefore, another important quantity is the velocity (or energy) with which the
atom leaves the surface. In the low energy range we expect an increase of the
ionization probability with energy. Model calculations showed an ionization
probability of 15 % for an energy of 200 eV.!>

5.2.b. Implantation, sputtering and diffusion at the converter surface

The converter surface is exposed to a flux of positive hydrogen ions, which
arrive at the surface with an energy of the order of a few hundred eV. Most of
these ions will be implanted. Due to the high diffusion rate of hydrogen in barium
(D =3 x 105 cm?/s at 200 °C), the implanted particles will be transported into the
bulk of the barium. After some time, a quasi stationary situation evolves where the
flux of implanted particles into the surface is equal to the sum of the flux of
desorbing hydrogen molecules from the surface and the flux of sputtered hydrogen
atoms from the surface. The latter two fluxes depend strongly on the concentration
of hydrogen atoms in the first layers of the barium surface. The model set-up to
describe the process of reaching this quasi stationary situation resulted in a better
understanding of the experimental results obtained with a surface conversion source
at the FOM institute.!” The most important quantity which can be calculated with
this model is the flux of sputtered hydrogen atoms from the surface.

The dependences that were found and which are of interest for the present work
are (i) the time to reach a quasi stationary situation is of the arder of ten minutes,
independant of the incoming flux, and (ii) increasing the flux of incoming positive
hydrogen ions onto the surface gives a stronger than linear increase of the sputtered
flux due to the increase in the concentration of hydrogen in the barium. Both effect
are depicted in Fig. 3.13, chapter 3, which is taken from Ref. 17. In this figure, the
relative hydrogen concentration is plotted as a function of the time the barium
surface is exposed to the hydrogen flux for various values of this incoming flux.
Since, the Culham set-up consists of a source pulsed on for three seconds it is
important to realize the effect of a short exposure time of the converter to positive
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Fig. 5.1 The source test stand, shown as a sectional schematic, at Culham laboratory. The
accelerator and 16 Langmuir probes can be moved into the source. The supporting vessel
is c?/o pumped. The accelerator ‘iself is separately pumped with a turbo pump down to
107® Torr. The Hewetic arc supply is capable of producing currents up to 1500 A for a
pulse length of 3 seconds. The dimensions of the P. I. N. L. source are roughly 60 x 30 x
20 cm-.

hydrogen ions. In this short time no quasi stationary situation evolves, thus the
concentration of hydrogen is lower which results in a lower sputtered flux and
therefore a smaller negative ion yield. Note that it was not possible to run the
Culham source test stand in a DC-mode to obtain a stationary situation.

5.3. Experimental arrangement

The experimental source test stand at Culham has been modified for the
investigation of surface conversion. The first part of this section covers the existing
experimental apparatus used for research on the volume production of negative ions
from a P.LN.L. (Plug In Neutral Injector) bucket plasma source. The second part
deals with the modifications of the P.ILN.l.-source and a description of the
converter module.

5.3.a. The Culham source test stand

The experimental : ource test stand is shown as a sectional schematic in Fig. 5.1.
The power supplies associated with the test stand are capable of operating a bucket
type source at arc curreats of up to 1500 A for pulses of three seconds or less
duration. The source itself is a standard P.L.N.L ion source as used for positive ion
production, with certain of the wall mounted permanent magnets, which are
nermally used to enhance the plasma confinement, reorientated to provide a
magnetic filter field.

The filter ficld effectively divides the source into two regions, a dense plasma
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with high electron temperature in the region containing the filaments and a less
dense plasma with lower electron temperature in the region adjacent to the
extraction plane.

The accelerator and the 16 Langmuir probes depicted in Fig. 5.1 can be moved
into the source in order to measure the homogeneity of the produced plasma not
only in a plane paralle: to the extraction plane, but also perpendicular to this plane.
The extraction aperture used was 3 mm in diameter. This feature enabled us to
study the divergence of the surface produced negative ion beam.

The accelerator employed in the source test stand is designed for the acceleration
and transport of energetic negative ions of the order of a few kV's. It basically
consists of three grids equipped with magnets to reduce the extracted electron
current. The magnetic fields present in this accelerator influence the trajectories of
the "self-extracted” negative ions coming from the surface since they have energies
of the order of only a few hundred eV. Therefore, trajectory calculations on the
transpori of these particles through the accelerator are necessary to calculate the
truncation of the incident beam. The NEGTRACE code, developed at Culham
Laboratory, has been used for this calculation. Fig. 5.2 shows the calculated
transported fractions as a function of the particle energy. Note, that especially a
hydrogen ion beam with an energy below 150 eV is strongly attenuated. All
experimental results collected in the next section have been corrected for the
transport properties of the accelerator.

5.3.b. The barium converter

The converter was designed and constructed at the FOM institute in Amsterdam.
The design criteria were; (i) the size of the total assembly should be very small
compared to the total bucket volume to minimise the disturbance to the plasma, (ii)
it should not be possible to cover the converter surface with tungsten evaporated
from the filaments and (iii) the converter should be capable of dissipating at least
400 Watt/cm?,
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Fig. 5.3 The schematic set-up of the barium converter module. The whole system is water
cooled and all insulating surfaces are protected by tantalum shieldings. The total area of
the barium surface is of the order of 3 cm?,

P.LN.L backplate assembly

e

The final assembly is shown schematically in Fig. 5.3. The whole system is
mounted from the backplate of the P.ILN.I. source using the cooling tubes as a
support. The cooling tubes are fed through the mounting holes of the middle two
filaments, which had to be removed. In fact four of the 24 filaments were removed
to maintain a symmetric configuration. The total surface area of the converter is
about 3 cm? and only this surface is biased. All insulators are shielded with tantalum
foil to prevent damage. A thermocouple is situated approximately 1.5 mm below
the barium surface to monitor its temperature. The barium surface itself is
produced by milling a reservoir in a copper substrate and filling it with liquid
barium to obtain the desired good heat contact. After cooling the surface is flattened
and polished to a grainsize of 10 pum. The barium surface is cleaned ir situ by
bombarding the surface with argon ions, directly extracted form a pure argon
plasma.

5.4. Experimental results

This section is divided into four parts. The first part deals with the extraction of the
positive ion current onto the surface as a function of accelerator converter-surface
distance for various magnetic filter geometries. The second part deals with the
actual conversion taking place at the surface and the third part describes
measurements on the transport of locally, at the barium converter surface,
produced negative ions through the P.LN.I. source to the accelerator. The last part
deals with the enhancement of the extracted volume produced negative ion current
when biasing the converter. We are able to separate the volume and surface
produced negative ions simply by biasing the accelerator. For a non biased
accelerator, only the "self-extracted” surface produced negative ions will be
collected in the accelerator. When the accelerator is biased, both surface and
volume produced negative ions are collected.
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Fig. 5.4 The extracted positive ion current density on the converter and on the Langmuir
probe is showr™&s a function of the distance between the extraction aperture of the
accelerator and the converier surface for three different magnetic configurations. Note, the
differnece in the vertical axes. Also shown schematically are the arrangements of the
magnets to obtain a) a tent filter, b) a dipole filter and c) no filter ( a checkerboard). Not
drawn are the magnets producing the multicusp field at the backplate and sideplates of the
source.



5.4.a. Extracted positive ion current density reaching the surface

Data is presented in Fig. 5.4, for the positive ion current collected by the
converter and a Langmuir probe adjacent to the accelerator as the accelerator was
moved into the source. For graph a) the source was configured with a tent filter,
for b) a dipole filter and for c) without a magnetic filter. For all three cases the
source was operated with a filling pressure of 5 mTorr. First of all we see an
increase in the positive current density measured by the Langmuir probe when
moved inte the source. This is consistent with measurements done without a
converter located within the source body.2! However, for all three magnetic
geometries the current to the converter decreases when the accelerator is moved
inwards. In the case of a dipole filter (b) this decrease is noticeable even when the
accelerator is move inwards only a few cm, whereas for an essentially field free
source (c) the decrease is moderate. The difference in the obtained current density
is related to the fact that with a dipole filter (b) the converter is located inside the
driver region where the plasma density is large, whereas with a tent filter (a) the
converter is located in the extraction region with a corresponding lower plasma
density. In the filter free situation (c) the plasma is not confined very well which
results in a even lower extracted current density by the converter.

For all three magnetic configurations, we measured an unexpected decrease of
the positive ion current density at the converter surface as the accelerator was
moved inwards. With the reversely biased accelerator, extracted positive ion
current showed the same behavior with distance. So we conclude that the plasma
density between the converter surface and the accelerator actually decreases with
decreasing distance converter-accelerator. Only the steepness of the decrease varies
with the type of magnetic filter used. The tent filter has the strongest effect and the
field free source the weakest.

These results may be explained qualitatively in terms of the electric field within
the plasma which causes a plasma drift towards the frontplut- of the source from
the backplate. The axial magnetic field has been measured experimentally and is of
a significant magnitude in the filter region of a source when a dipole filter is
present. As the accelerator is moved into the source it will partially "short circuit”
the plasma and the requirements then exists that the same potential drop occurs
across the reduced distance to the accelerator. This increased electric field would
cause an increased drift of the plasma towards the accelerator thereby reducing the
current of ions moving in the opposite direction towards the barium surface. In
principle, the enhanced drift of plasma particles towards the accelerator (where
they are neutralized), results in a depletion of the plasma density between the
converter surface and the accelerator. For short distances between the converter
surface and the accelerator, there would also be a geometrical shielding effect of the
surface by the accelerator.

Our goal of exposing the converter surface to high current densities could
therefore not be reached. However, we were able to check whether the time
dependencies, which followed from the model calculations, were correct.
Furthermore, studies of the transport of the surface produced negative ions through
the multicusp ion source have been undertaken.
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5.4.b. Surface production of negative ions

At an accelerator converter-surface distance of one cm we measured the
conversion efficiency as a function of the converter potential. The conversion
efficiency is defined as extracted negative ion current density divided by the
incident positive ion current density. Fig. 5.5. shows the result of this measurement
for deuterium and for hydrogen. The pressure in the source was 3 mTorr, the arc
voltage 80 V and the arc current 750 A. The pulse length was three seconds and the
magnetic filter geometry used was a "tent” filter. The conversion efficiency
increases with converter potential with a tendency to saturate at high potentials.
From Fig. 5.5 one can see that the formation of D~ ions is somewhat more efficient
cempared to the formation of H- ions.

It is of interest to compare the conversion efficiencies for hydrogen and
deuterium for particles leaving the surface with the same normal velocity. In doing
so one finds a difference of almost a factor of two for low velocities (= 100
eV/nucleon) and a factor of 1.3 for higher velocities (> 200 eV/nucleon). From
scattering experiments we know that the negative ion formation probability for
hydrogen is the same as for deuterium.22,23 Therefore, this difference must be
attributed to the following; (i) the sputter coefficient for deuterium is higher than
for hydrogen so the sputtered flux is larger,24 and (ii) the diffusion coefficient of
deuterium may be smaller than that for hydrogen which results in a higher
concentration of deuterium in the barium surface layer.25 Both arguments result in
a larger flux of deuterium atoms leaving the surface, and since the ionization
probability for hydrogen and deuterium moving with the same velocity is equal,
this results in a higher conversion efficiency for deuterium compared to hydrogen.

S.4.c. Transport of surface produced negative ions

The. Culham source test stand enables us to study the transport of the locally
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Fig. 5.6 The conversion ¢fficiency for hydrogen and deuterium as a function of the filling
pressure of the source at a fixed distance accelerator-converter of 1 cm. The positive ion
current onto the converter surface is held constant over the entire pressure range. The arc
current is typically 750 A and the arc voltage is of the order of 80 V. The converter
potential is -240 V.

produced negative ions through the P.IN.I. source by either varying the source gas
pressure and keeping the positive ion current to the converter constant, or by
varying the distance between the extraction aperture and the conversion surface.

In Fig. 5.6 we varied the gas pressure in the source and measured the conversion
efficiency at an accelerator-converter separation of 1 cm. In doing this experiment
we kept the positive ion current density received at the converter constant to within
10 percent. A bucket plasma has only a very low degree of ionization, typically less
than a few percent, therefore, the observed decrease in conversion efficiency with
gas pressure is related to "stripping” of negative ions due to collisions with the
neutral gas molecules. For the measured current I;

I=1_ exp( -LjN c,dl) (5.1

where I is the negative ion current produced at the surface, N is the neutral gas
density, o, is the cross section for neutralization of negative ions and L is the path
length which the negative ions travel. The results contained in Fig. 5.6 have been
obtained for a converter potential of -240 V, which means that the "self-extracted”
negative ions have an energy ranging from 240 to 480 eV. The cross sections we
find from the experimental data are; for hydrogen 6, = 0.9 x 10-15 cm? and for
deuterium &, = 0.6 x 10''5 cm? . The estimated error in these cross sections is 15
percent.

Hugq, Doverspike and Champion reported a cross section for the attenuation of a
D- ion beam of 200 eV in Dy of 0.55 x 10-'5 ¢m?2.26 For a 200 eV H- ion beam
travelling through H, they reported a value of 0.62 x 10°5 cm2. However, Risley
and Geballe reported a value of 0.8 x 10} cm?.27 In view of the large energy
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Fig. 5.7 The conversion efficiency for hydrogen and deuterium as a function of the
distance between the extraction aperture and the converter surface. The converter potential
is -100 V and the source filling pressure is 5 mTorr. The arc current is roughly 750 A and
the arc voltage is 80 V.

spread we have for the "seif-extracted” negative ion beam we can state that there is
good agreement between our experimental measurements and the literature. From
the measurements we confirm that attenuation due to plasma particles, e.g. positive
hydrogen ions and electrons, is negligible.

In Fig. 5.7 the conversion efficiency is shown as a function of the distance
between accelerator and converter for a converter potential of 100 V and a gas
pressure of 5 mTorr. In order to derive the divergence of our "self-extracted”
negative ion beam we have to correct the measured conversion efficiency for the
following processes. First of all we took into account the attenuation of the negative
ions due to the neutral gas. For deuterium we used a value for the neutralization
cross section o, of 0.5 x 10°'5 cm? and for hydrogen we took a value of 0.6 x 1015
cm?.2627 We cannot use the afore mentioned measured neutralization cross sections
since these were obtained for a converter potential of -240 V. Secondly we took
into account the collection angle of the accelerator. At a given distance the
collection angle of the accelerator is such that it “sees” more than just the negative
ion emitting converter surface which leads to an additional reduction in the
collected negative ion current. From the kink in the curves in Fig. 5.7 we derive
that the distance at which this effect appears is about 5 cm. Based upon the
geometry of the accelerator we arrive at a collection angle of 12.5°, which
corresponds to a distance of 4.6 cm at which the afore mentioned effect becomes
apparent.

Applying all corrections and assuming that the we have a homogeneous heam, we
arrive at a divergence of the "self-extracted” negative ion beam of 4.5° for
hydrogen and 3.6° for deuterium at a converter potential of 100 V. Since we know
at which point these negative ions are born and what the divergence is at that point
we are able to estimate the emittance of the surface produced beam. For hydrogen
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Fig. 5.8 Oscilloscope readings of the extracted negative ion current during the pulse for
an acceleration potential of 10 kV. The upper traces are measured for a source filling
pressure of 5 mTorr, whereas the lower traces are obtained for a source filling pressure of
1 mTorr. Both photos contain two traces, one without biasing the converter and the
second with a converter bias of -240 V.

we estimate an emittance of 780 7 mm mrad for deuterium 620 T mm mrad, both
at a beam energy of 100 eV.

5.4.d. Enhancement of volume produced negative ion current

So far we have only described the results from measurements made on the
surface produced negative ions. This was achieved by analysis of the "self
extracted” current produced at the surface. When, however, we applied a high
positive voltage to the accelerator we were also able to extract negative ions from
the plasma itself. Fig. 5.8 shows two photographs taken from an oscilloscope
reading of the extracted negative ion current with and without bias on the
converter. For a source filling pressure c¢f 5 mTorr we see an increase of the
volume produced negative current by about 10 percent after biasing the converter.
Note that during the pulse the negative ion current increases. This is due to an
increase of the plasma density, caused by an increase in the arc current, which
occurs because no feedback mechanism exists to reduce the filament current as the
filaments are heated by the discharge. For a pressure of 1 mTorr this effect is even
more pronounced; with an increase of the order of 25 peicent. Both traces have
been recorded with hydrogen =< the filling gas and a converter bias of -240 Van ; 0
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Table 5.1. Extracted negative ion current densities for the P. 1. N. 1. source with and without

the converter mounted, The source ttlling pressure is in all cases 5 mTorr.

Filter type Arc current Arc voltage Current density

[A] A4 [mA/cm?]
Without converter:  Dipole 600 120 8.5
Tent 600 120 3-7.5*
With converter:
non baised Dipole 750 100 5.8
baised at -240 V. Dipole 750 100 6.5

*) The numbers indicated are the lowest and highest values measured with several different
tent filter geometries.

V. For completeness, we have collected some measured extracted negative ion
densities with and without a converter mounted in the P. I. N. 1. source in Table
5.1. It is not possible to directly compare the extractec current density for the case
the barium converter is mounted and when no converter is present since the data
presented in Fig. 5.4 indicates that the plasma is disturbed by the presence of the
converter. No data is available on the extracted negative ion current from a P. I. N.
I. source with no converter mounted for a source filling pressure of 1 mTorr.

5.5. Discussion

The time dependence of the theoretical model, set up at the FOM institute in
Amsterdam, has been checked on the 3 second pulse-length test stand at the Culham
Laboratory. For approximately similar converter to extractor separation, current
density on the converter surface and gas pressure, we measured at Culham a
conversion efficiency of 0.21 % (pressure is 3 mTorr and distance to travel 4 cm),
whereas at the FOM institute, a conversion efficiency of 1.0 % was measured
(pressure 0.8 mTorr and separation 11.6 c¢m).

The difference, almost a factor of five, can be deduced form the diffusion model
calculations by taking the ratio of the hydrogen concentration at infinite time (DC
operation) and the concentration after 3 seconds exposure (see Fig. 5.1). In doing so
we find a factor of 4 which agrees with the measured ratio taking into account that
one expects a difference due to the divergence of the beam (At Culham we took a
distance of 4 cm, whereas at the FOM institute we measured at 12 cm) and due to
the difference in the degree of ionization of the plasma (at Culham <3 % and at the
FOM institute > 50 %).

Furthermore, the experiments at Culham show that the divergence of the surface
produced negative ion beam is of the order of 4° at an energy of 100 eV, which
corresponds to an emittance of the order of 700 ® mm mrad. Accelerating this
beam to 40 keV gives an emittance of 35 ® mm mrad. This is rather large
compared to a volume produced beam, which has a typical emittance of the order of
2 © mm rarad at 40 keV.

In addition, we have shown that the surface conversion process for deuterium is
somewhat more efficient when compared to hydrogen. This is in contrast with the
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results obtained for volume production where it is found that the extracted
deuterium current is approximately a factor of one over square root two of the
hydrogen current under similar conditions.

In conclusion, we have shown that by using a converter mounted in a volume
production source, an enhancement of the negative ion current density can be
obtained. This is advantageous for increasing the negative ion current at low source
pressure. However, it should be noted that due to the significant plasma drift in the
P.ILN.L. source, the positive current density reaching the converter surface was
small, resulting in a small contribution of the surface produced negative ions to the
total extracted negative current. The latter observation is the reason why the
negative ion current density obtained with a P.I.LN.I. source without a converter
mounted (see Table 5.1) is higher compared to our results even with a biased
converter. However, it is generally known that the volume produced negative ion
current density decreases as the extraction aperture increases. For surface
conversion, there is no reason to believe that this decrease also occurs. This means
that a P.L.N.I. source with a biased barium converter will give a higher yield for a
larger extraction aperture even compared to a P.LLN.I. source without a converter
mounted. This could not be checked experimentally since no larger extraction
aperture was possible. Continuation of this research into the tandem production of
negative ions (a combination of volume and surface production) is, therefore, only
considered worthwhile if the present low positive ion current densities reaching the
surface can be increased.
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CHAPTER 6

HIGH FLUX SURFACE CONVERSION AT A BARIUM SURFACE

Experiments on the production of negative hydrogen ions via surface conversion for
incident positive Rydrogen ion currents in the range of 0.2 to 1 A/em? are reported. The
conversion efficiency, i.e. the ratio of the produced negative ion current and the positive
ion current on the converter shows a strong temperature dependence and has a
maximum for a positive fon current density of about 0.5 A/cm?. Due to the limited
magnetic confinement of the intense hydrogen plasma, the base pressure of these
experiments was of the order of 50 mTorr which resulted in very large losses of negative
ions due to stripping. ‘With correction for these losses, we obtained a conversion
efficiency of the order of 8 percent which corresponds to a surface produced negative ion
current density of the order of 60 mA/cnt.

6.1. Introduction

The dynamic interaction of plasma particles with a metal surface is employed in
various devices, among which are etch or deposition reactors for fabrication of
semiconducter components or corrosion resistant coatings, and surface conversion
sources. The latter devices are used to produce intense beams of negatively charged
(light) ions. These serve as intermediate step in the production of intense neutral
beams, which can be used for additional heating or diagnosis of fusion plasmas. The
experimental data in this paper are obtained using a surface conversion
source.1:2:3.4In this type of device, a metal electrode (the so-called converter) is
negatively biased at a potential of typically a few hundred volts with respect to the
plasma. This causes plasma ions to be accelerated towards the surface, where they
impinge under normal angle of incidence. At the energies involved, most of the
incoming ions are implanted into the surface. At the surface, adsorbed hydrogen
particles can be sputtered by incoming ions, which results in a flux leaving the
surface. If the characteristics of the surface permit resonant charge exchange
between the sputtered particles and the metal, then part of the sputtcred beam is
negatively charged. These negative ions are accelerated over the plasma sheath and
subsequently "self-extracted” through an aperture.5

To obtain reasonable probabilities for negative ion formation, the work function
of the converter surface should be small, typically below 3 eV.6 Recent work has
shown that a pure barium metal surface fulfills this requirement.? The work
function of a barium metal is 2.5 eV which is about 1 eV larger when compared to
a Tungsten or Molybdenum surface covered with half a monolayer of cesium.
However, is has been shown that the high density of states (Fermi energy) of
barium compensates for the higher work function.? Furthermore, extensive
modeling of the dynamic hydrogen concentration at the surface of a barium
converter exposed to an intense flux of positive hydrogen ions, shows that the
conversion efficiency (i.e. the ratio between the surface produced negative ion
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current density and the positive ion current density on the surface) scales with this
current. The higher the incident flux the higher the conversion efficiency. Van Os,
van Amersfoort and Los showed that for a positive ion current density of 0.2 A/cm?
a conversion efficiency of 4.2 percent was obtainable.? In this situation, model
calculations showed that the hydrogen concentration was only a few percent of the
saturation concentration which means that no saturation has occurred yet. This
letter describes the results obtained with an upscaled surface conversion source
which is capable of delivering of the order of 1 A/cm? of positive hydrogen ions on
a barium surface in a DC mode.

For a current density of the order of 1 A/cm?2 one needs a plasma density in the
vicinity of the converter surface of the order of 5 x 1012 cm-3. The set-up we use to
obtain this high plasma density is to use a Hollow Cathode Arc (HCA) discharge and
placing the converter surface as close as possible to the cathode. This set-up is
shown schematically in Fig. 6.1 and is basically a redesign of our surface
conversion source ALICE (Amsterdam Light Ion Conversion Experiment) which
has been described extensively in literature.? The surface produced negative ions
are collected in Faraday cup A after removal of electrons by means of a small
magretic field (= 100 Gauss) perpendicular to the extracted beam. A compromise
had to be made in the magnetic confinement of the HCA plasma which resulted in
an operation pressure of the order of 50 mTorr. Secondly, with this set-up,
Tantalum evaporated from the cathode can be deposited on the converter surface
thus reducing the negative ion yield. Table 6.1 shows the difference in operating
parameters for this set-up called MEGALICE (MEGA Light Ton Conversion
Experiment) and the operation parameters of ALICE. Note, that due to the higher
operation pressure, the mean free path for negative hydrogen ions is greatly
reduced due to stripping on hydrogen molecules, a problem also observed in
volume sources.!0:11,12
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Table 6.1.The operation parameters for MEGALICE and ALICE.
MEGALICE ALICE unit

Operating Pressure 40..55 3.7 mTorr
Plasma density in the vicinity of converter =3 x 1012 = 101 cm3
Mean free path for H™:
a. Due to molecules = 0.5 > 100 cm
b. Due to electrons > 500 >14 x 103 cm
c. Due to positive ions >30 > 103 cm
Magnctic confinement field 200..500 150..350  Gauss
Arc current 10..100 5.35 A

Positive ion current density at converter  200..1200 20..230 mA/cm?

6.2. Experiments

The experimental procedure we used is as follows. The HCA discharge is staited
on argon and the converter surface is biased negatively while monitoring the
current of the converter. Since the sputtercoefficient for argon on a barium target
is of the order of unity, we are effectively sputter cleaning the surface. The latter is
observed experimentally by a gradual increase of the converter current, as &
function of time, due to removal of barium oxides and barium hydroxides. After
some time, typically of the order of 20 minutes, the converter current saturates,
which means that we have obtained a clean barium surface. At this point the HCA
discharge is switched to hydrogen and the currents in the detector are monitored.

First of all we measured the negative ion current as a function of time for
different arc currents. We observe a sharp rise, a maximum and than a gradual
drop of the negative ion current as a function of time. For low arc current (= 20 A)
we observe a 10 percent decrease from the maximum value of the negative ion
current in about 5 minutes, for high arc current (= 60 A) this 10 percent decrease
takes about 18 minutes. In view of this difference in time scale, it is reasonable to
believe that this decrease is related to the pollution of the surface with tantalum.
Increasing the arc current only increases the sputterrate of tantalum a little due to
the relatively small increase of the ionization degree in the hollow cathode,
whereas, the sputterrate of tantalum from the barium converter increases linearly
with arc current. This in effect means that for increasing arc current the net supply
of tantalum to the surface decreases which explains for the difference in the time
constants mentioned before.

Secondly, the conversion efficiency was measured as a function of the incident
flux of positive hydrogen ions. The converter voltage we used was -300 V and the
measurements where taken at the peak value for the negative ion current vs time, in
view of the afore mentioned problem of the pollution of the barium surfacer with
tantalum. In order to compare these results with the measurements obtained for the
conversion efficiencies in the earlier set-up, ALICE, we corrected the obtained
negative ion current densities for stripping on molecules. The cross section we used
is 1 x 10°15 cm2, which results in a correction factor for the conversion efficiency
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Fig. 6.2. The conversion efficiencies for ALICE and MEGALICE as a function of the
incident positive ion current density. The operation pressure for ALICE is 3 mTorr and
for MEGALICE 50 mTorr, the conversion efficiencies for MEGALICE have been
corrected for stripping of negative ions on molecules. The converter potential in all cases
is -300 V. The solid line is the result of model calculation assuming a linear increase of
the surface temperature with incident positive ion flux. The probability for negative
surface ionization used in the calculations is 12 percent.

of 620 + 60.13 The results for the conversion efficiency for MEGALICE are
depicted together with earlier results from ALICE in Fig. 6.2.

6.3. Discussion

The two curves for ALICE and MEGALICE do not exactly join up, this is
probably related to a difference in temperature of the surface and a possible
contribution to the surface hydrogen coverage by adsorption of molecules for the
latter experiment. For low positive ion current densities we observe an increase of
the conversion efficiency with increasing positive ion current on the converter.
Around 0.5 Af/cm? a maximum is observed and a slowly decreasing conversion
efficiency from this point on. In Fig. 6.2 also shows a theoretical curve based on
our diffusion model. In calculating this curve we assumed a linear increase of the
temperature with incident flux. The curve follows the trend in the experimental
data. We will briefly discuss this model in the following and show that for incident
fluxes above 0.5 A/cm? a much better agreement can be obtained.

In order to understand why the conversion efficiency decreases for higher
converter current densities we have to look in detail what determines the conversion
efficiency. Energy distributions of the self extracted beam show that the majority of
the negative ions collected are formed via a sputtering and/or recoiling process at
the converter surface.? Based on this observation we have argued that the
conversion efficiency is equal to an ionization probability multiplied by a
sputtercoefficient. The latter coefficient can be treated as a solid body sputter
coefficient multiplied by a probability of hitting a hydrogen atom at the surface. Or
more practical, the solid body sputter coefficient multiplied by the relative
hydrogen concentration in the top layers of the barium converter. This yields for
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where ®,,* is the incident flux, 1, is the probability for negative surface ionization,
cy denotes the hydrogen concentration, c,,, the hydrogen saturation concentration,
@, the negative ion yield and I'y  the sputtercoefficient for hydrogen on a "solid”
hydrogen target. Since the solid body sputter coefficient I'y, ; and the ionization
probability M, are independent of the incident flux and the temperature of the
surface, we believe that the observations mentioned above are related to a changing
hydrogen concentration at the surface.

In Ref. 9 we described a model, with which the hydrogen concentration can be
calculated, based upon zero net flux of hydrogen at the surface, or rather, the
implanted flux is equal to the sum of the desorbed and sputtered flux;

0 Dy* = Dy + Prges (6.2]
where o denotes the implantation fraction, and ®,,.,, and @y, are the spuitered

and desorbed fluxes respectively. The sputtered flux, ®," is given in Eq. [6.1]. For
the desorbed flux we can write,

n n_c
Dy = o= —2H, T=1,exp(QKT), T,~ 105 [63]

where ny denotes the surface hydrogen coverage, T the residence time of hydrogen
on the surface, Q is the binding energy of hydrogen on barium and T, is the surface
temperature. Combining these equations yields the hydrogen coverage at the barium
surface,

c nSBl

=H _ -1 =
csal e (rH-H * T (DH+) >Ts nsal - nsal exp(kT

~ Pytart PO T
= TH H 0 _Q) [6.4]

One can see that the hydrogen concentration is a direct function of the incoming
positive hydrogen ion flux and the temperature of the surface. In practice these two
parameters are coupled since an increase in current density on the surface also
increases the power input at the surface thus resulting in a higher temperature.
Apparently, we are working in a range in which the temperature becomes so high
that via desorption the hydrogen concentration drops resulting in a lower
conversion efficiency. Therefore, the decrease in Fig. 6.2 is interpreted as due to a
decrease in ¢,

The experimental data for the temperature dominated regime (i.e. for positive
ion current densities on the converter above 0.5 A/cm?2) permits us to estimate the
surface bhinding energy according to Eq. [6.4] combined with Eq. [6.1] From the
exponential fit in Fig. 6.3 of the conversion efficiency, in this regime, divided by
the incoming positive hydrogen ion flux versus the reciprocal surface power
dissipation, which is proportional to the surface temperature, we are able to
estimate the surface binding energy for hydrogen on barium, Q, which amounts to
1.3+ 0.25 eV. "This is a resonable value for a binding energy and consistent with an
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earlier estimate based upon the experimental results obtained from ALICE.

6.4. Summary

Summzrizing, our experimental data shows that the conversion efficiency scales
with the incoming positive ion flux as predicted by our diffusion model. For high
temperatures of the converter surface, desorption of hydrogen reduces the
hydrogen concentration which reduces the conversion efficiency. Further
experiments with a better confined HCA discharge in order to reduce the operating
pressure and a more efficient cooling of the converter are necessary. In a surface
conversion source there is no need for a high neutral gas pressure in contrast to a
volume source. Therefore, if the pressure can be lowered, a surface source
equipped with a barium converter can deliver a higher negative ion current at a
lower gas loading of the accelerator when compared to a volume source. The
maximum conversion efficiency which can be obtained, which requires a low
surface temperature, is equal to the negative ion formation probability which is in
the range 10-15 percent. For an incident current density of 1A/cm? this yields a
negative ion current density of 100 to 150 mA/cm2. However, a detailed study of
the extracted beam properties are needed to investigate the viability of this type of
source for use in neutral bea:n lines. These afore mentioned studies are in
preparation.

Acknowledgements

The authors gratefully acknowledge H.J. Timmer for transferring ALICE into
MEGALICE. This work is part of the research program of the association
agreement between the Stichting voor Fundamenteel Onderzock der Materie (FOM)
and EURATOM, and was made possible by financial support from the Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWQO) and EURATOM.

94



P T - SEN

T

References

L AW N -

o~

11
12
13

Yu. I. Belcherko, G.I. Dimov and V.G. Dudnikov, Nucl. Fus. 14 (1974) 113.

C.F.A. van Os, E.H.A. Granneman and P.W. van Amersfoort, J. Appl. Phys. 61 (1987) 662.
E.J. Britt, J.L. Desplat, M. Korringa and K.N. Leung, J. Vac. Sci. Technol. A 3 (1985) 1241.
A. L. Herscheovitch, V.K. Kovarik and K. Prelec, Rev. Sci. Instrum. 57 (1986) 827.

K. N. Leung and K.W. Ehlers, Rev. Sci. Instum, §3 (1982) 803.

J.N.M. van Wunnik, J.J.C. Geerlings, E.H.A. Granneman and J. Los, Surf. Sci. 131 (1983)
17.

C.F.A. van Os, R.M.A. Heeien and P.W. van Amersfoort, Appl. Phys. Lett. 51 (1987) 1495.
C.F.A. van Os, H.M. van Pinxteren and J. Los, Procedings of the 11l European Workshop on
Production and Application of Light Negative lons, p. 166, Amersfoort, Feb. 17-19, 1988.
C.F.A. van Os, P.W. van Amersfoort and J. Los, J. Appl. Phys. 64 (1988) 3863.

A J.T. Holmes, L.M. Lea, A.F, Newman and M.P.S. Nightingale, Rev. Sci. Instrum. 58
(1987) 223.

M. Bacal, A.M. Bruneteau and M. Nachman, J. Appl. Phys. 55 (1984) 15.

Y. Okumura, Proc. 11th Symposium on ISIAT 87, Tokyo p 267, 1987.

C.F.A.van Os, A.W. Kleyn, L.M. Lea, A.J.T. Holmes and P.W. van Amersfoort, Accepted for
publication in Rev. Sci. Insoum (MS A88389).

95



Converter

ﬂ 8 H

-
O\. = H .

B » g:;d% He Negative Ion Beam
HH+ ] w@

L

H

1

Negative Ion Formation via

Back Scattering [—Sputtering

Transport of
Negative ions

¥
(nioBe ) (ALICE ) MEGALICE
¥ !

R

*Resonant i1 | Calculated Hydrogen Coverage] - Pulsed 3 s. Experiments
v Charge | | Dominated by ' on D" and H™Formation
i Exchange| F Sputtering ] Diffusion Surface Volume Prod.
‘ F.... Conversion}  Enhancement
Cesium/W Barium || l ‘
Converter Converter g | STPE G }
- pping on IDiverencel
Ionization £
Probability * } Molecules
vs _l
"Normal
Energy"”
' Conversion Conversion %
Efficiency Efficiency BS5 %
vs vs
Converter Converter !
gq:_?gg?‘llt}); Pq;_tf:n’nal flgr Conversion Efficiency vs
i S. i
fon currents o g&%{g S Pos. Ion current Density

!

y [

Conversion Efficiency depends on

1. Sputter Coefficient H -> Cs
2. Ionization Probability

2. Ionization Probability

3. Hydrogen Diffusion raie

1 4. Surface Temperature

Conversion Efficiency depends on
1. Sputter Coefficient H -> H/Ba




coamihL Ry

e

e

CHAPTER 7A

SUMMARY

Recent design studies of future nuclear fusion reactors emphasize the need for
current drive and additional heating of the fusion plasma. One proposed method for
current drive is Neutral Beam Injection (NBI). The anticipated beam energy of such
a system is of the order of 1MeV, which makes the use of positive ions as
intermediate particles impractical in view of the very low neutralization cross
section at this high energy. However, negative ions have a neutralization probability
at these energies of about 60 %. This observation invoked a worldwide research
effort in the development of high current negative ion sources. Two methods are
pursued; volume production and surface conversion.. Research on the fundamentals
of the latter method is discussed in this thesis.

Surface conversion can be described as a two electron transfer from a metal
surface to a positive hydrogen ion, scattering from the surface. The incident
positive ion is neutralised at a distance of around 10 a; from the metal surface,
resulting in a excited hydrogen atom. Closer to the surface the atom is Auger
deéxcited. In the vicinity of the metal surface, the affinity level of the hydrogen
atom lowers due to the attractive image potential. At very short atom metal-surface
separation, the affinity level crosses the work function of the metal surface. Which
means that the electronic states in the metal conduction band are in resonance with
the affinity level, and electrons can tunnel through the Coulomb barrier between the
atom and the metal surface conduction band and form a negative ion. This process
is generally referred tc as resonant charge exchange.

It is common knowledge, that resonant charge exchange is very sensitive to the
work function of the metal surface; the lower the work function the higher the
probability of forming a negative ion. For this reason, the metal surface used in
research on charge transfer is made from tungsten or molybdenum covered with a
(sub)monolayer of cesium. The work function of such a system can be as low as
1.45 eV and it has been shown that up to 67 % of hydrogen atoms scattering from
such a surface can be transformed into negative ions. Chapter 2 describes a well
defined UHV scattering experiment in which a different surface is used; pure
barium, which has a work function of 2.5 eV. The negative ion fractions obtained
with this surface amounted up to 35 %, which is quite unexpected. The explanation
for this high value lies in the density of electronic states (i.e. the Fermi energy) of
the metal conduction band. The high Fermi energy results in an increase of the
transition frequency which explains the high negative ion formation probability
observed, although the optimum negative ion formation probability with respect to
the incident energy is shifted to higher energies. Due to the relatively high work
function of barium the charge exchange process takes place very close to the
surface. This can lead to interferences in the charge exchange process as discussed
in chapter 2.

The high negative ion formation probabilities mentioned above, resulted in the
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development of so-called surface conversion sources based on the physical principle
discussed above. Such a source basically consists of a hydrogen discharge which is
in contact with a negatively biased low work-function surface. Positive hydrogen
ions are accelerated across the plasma sheath perpendicular to the surface and can
either reflect from or penetrate into the surface. The incident flux also sputters
already present hydrogen atoms and molecules from the surface. The reflected and
sputtered particles can become negatively ionized in there outgoing trajectory. Once
a negative ion is formed it is accelerated again across the plasma sheath into the
accelerator, a process called "self-extraction”.

Chapter 3,4 and 6 describe measurements with our surface conversion source
ALICE (Amsterdam Light Ion Conversion Experiment) which has been operated
with a cesium/tungsten and a pure barium metal converter. From the energy
distribution of the formed negative ions it is concluded that the majority is
produced via sputtering and/or recoiling. We have argued that the hydrogen
concentration in this sputtering process predominantly determines the obtained
negative ion yield. Therefore, both systems have been extensively modeled in terms
of implantation, sputtering and diffusion in order to calculate the dynamic hydrogen
concentration of the converter at the surface.

It is concluded from the measurements that the cesium/tungsten system is sputter
dominated, whereas for the barium system the processes are diffusion dominated.
Both are specific solutions of a general master equation which was formulated for
the sputtering process. For both systems good agreement could be obtained between
experimental observations and theoretical predictions. The maximum conversion
efficiency (the ratio of the negative ion current density and the positive ion current
density on the converter surface) which has been obtained with a barium converter
amounted to 8.5 % for an incident positive ion current of the order of 500 mA/cm?
and is the highest obtained in any DC surface conversion source at the time of
writing.

The negative ions produced at the surface have to travel some distance before
they enter the accelerator. The transport of these negative ions is studied in chapter
5.The dominant loss mechanism appeared to be the stripping of negative ions on
hydrogen molecules. Furthermore, the divergence of a 100 eV surface produced
beam has been estimated to be around 4°. The experiments have been done at
Culham, England, with a bucket plasma source (P.L.N.L, Plug In Neutral Injector)
in which a barium converter was mounted. Biasing the converter in this source gave
an enhancement of the volume produced negative ion current up to 25 % at low
source filling pressures.
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CHAPTER 7B

SAMENVATTING (SUMMARY IN DUTCH)

Uit onderzoek op het gebied van kernfusie in de vorm van een hoog energetische
plasma opgesloten in een torodiaal magneetveld, blijkt dat er gezocht moet worden
naar een methode om het fusieplasma te stuwen en tevens te verhitten om ontsteking
en "steady state” fusie te bereiken. Eén van de vier methoden, die in dit onderzoek
genoemd worden, is het inschieten van neutrale bundels (NBI, Neutrale Bundel
Injectie). De bundelenergie moet om en nabij de 1 MeV zijn om door te kunnen
dringen tot het centrum van het fusieplasma. Het gebruik van positieve
ionenbronnen voor dit doel is vrijwel onmogelijk vanwege de lage neutralisatickans
bij deze hoge energieén. Een oplossing van dit probleem is het gebruik van
negatieve ionen als tussenstap in de produktie van de neutrale bundel. De
necutralisatiekans is voor negatieve ionen bij deze hoge energie ongeveer 60 %. Deze
constatering heeft geleid tot wereldwijd onderzoek op het gebied van negatieve
ionenbronnen die in staat zijn een grote stroom te leveren. Hiervoor staan twee
methodes ter beschikking; volume produktie en opperviakte omlading. In dit
proefschrift wordt onderzoek naar de fundamentele eigenschappen van de
laatstgenoemde methode beschreven.

Oppervlakte omlading is in feite het overbrengen van twee elektronen uit een
metaaloppervlak naar een positief waterstofatoom wat daaraan reflekteert. In de
inkomende baan wordt eerst het positieve waterstofion geneutraliseerd en
vervolgens vindt dicht bij het opperviak Auger deéxcitatie plaats. Op zo'n korte
afstand tot het oppervlak zal het affiniteitsnivo van het waterstofatoom verlaagd zijn
ten gevolge van de attractieve spiegelbeeldpotentiaal. Zeer dicht bij het oppervlak
zal het affiniteitsnivo onder de werkfunctie van het metaal liggen, waardoor het
mogelijk wordt dat een elektron dat vanuit het metaal door de Coulomb barriére
heendringt, het affiniteitsnivo bezet. Het omgekeerde kan ook gebeuren, zodat er
sprake is van een resonante bezetting van het affiniteitsnivo. Wanneer het
waterstofatoom zich verwijdert van het metaaloppervlak kan een gedeelte van de
lading terugvloeien naar het metaal. Hierdoor zal slechts een gedeelte van de atomen
omgeladen worden naar een negatief ion. Dit proces wordt resonante ladingsruil
genoemd.

Het is algemeen bekend dat resonante ladingsruil sterk afhankelijk is van de
werkfunctie van het metaaloppervlak; hoe lager deze is des te groter wordt de kans
op de vorming van een negatief ion. Dit is de reden waarom onderzoek aan
resonante ladingsruil voornamelijk werd gedaan aan wolfraam en molybdeen
oppervliakken bedekt met een halve monolaag cesium. De werkfunctie voor zo™n
oppervlak is 1.45 eV en een vormingskans van negatieve ionen van 67 % is
waargenomen voor waterstofionen verstrooid aan zo’n opparvlak. Hoofdstuk 2
beschrijft onderzoek in een goed gedefinieerde UHV-opstelling waarin een
waterstofbundel wordt verstrooid aan een bariumopperviak welke een werkfunctie
heeft van 2.5 eV. Ondanks deze relatief hoge werkfunctie, werden vormingskansen
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tot 35 % waargenomen. Een verklaring voor deze opmerkelijke ontdekking kan
worden gevonden in de hoge dichtheid van elektronische toestanden in het
bariummetaal (Fermi-energie). Door deze hoge dichtheid wordt de
overgangsfrequentie hoger waardoor meer negatieve ionen worden gevormd dan
verwacht; de optimum vormingskans is echter verschoven naar een hogere energie
van de gereflekteerde deeltjes. Door de relatief hoge werkfunctie van het barium is
de ladingsruil sterk gelokaliseerd bij het oppervlak waardoor interferenties, zoals
beschreven in heofdstuk 2, kunnen optreden.

De hoge vormingskans van negatieve ionen die met resonante ladingsruil werd
waargenomen, resulteerde in de ontwikkeling van zogenaamde opperviakte
omladings bronnen. In principe bestaat zo’n bron uit een waterstofontlading die in
contact wordt gebracht met een oppervlak met een lage werkfunctie (de omlader)
dat op een negatieve spanning wordt gezet. Door deze spanning worden positieve
ionen uit het plasma geéxtraheerd. Deze kunnen reflekteren van danwel penetreren
in het omladeroppervlak. De binnenkomende stroom van ionen kan tegelijkertijc
aan het oppervlak geadsorbeerd waterstof verwijderen (sputteren). De
gereflekteerde en gesputterde deeltjes kunnen omgeladen worden via resonante
ladingsruil. Zodra een negatief ion gevormd is, zal het door de omladerspanning
versneld worden in de richting van de extraktieopenirig: "zelf-extraktie".

Hoofdstuk 3,4 en 6 beschrijven metingen de oppervlakte- omladingsbron ALICE
(Amsterdam Light Ion Conversion Experiment), waarmee de eigenschappen van
een gecesi€erde wolfraamomlader en een pure bariumomlader zijn onderzocht.
Metingen van de energieverdeling van de geproduceerde negatieve ionen laten zien
dat sputteren het dominante produktieproces is. Een belangrijke parameter in het
sputterproces is de aanwezige hoeveelheid waterstof aan het omladeroppervlak.
Voor beide omladeroppervlakken zijn uitgebreide modellen opgezet om deze
concentratie te berekenen.

Hoofdstuk 4 laat zien dat voor een gecesiéerde wolfraamomlader deze
concentratic voornamelijk wordt bepaald door de erosiesnelheid van het wolfraam;
in andere woorden: het verwijderen van wolfraam door sputteren. We noemen dit
model dan ook sputter-gedomineerd. Hoofdstuk 3 en 6 laten zien dat voor een
bariumomlader de concentratie bepaald wordt door diffusie van waterstof in het
barium, een diffusie-gedomineerd model. In alle gevallen werd een goede
overeenkomst bereikt tussen theorie en experiment. Voor eecn positieve
ionenstroom van 500 mA/cm? op het oppervlak werd een omladingsefficiéntie
(verhouding tussen geproduceerde negatieve ionenstroom en positieve ionenstroom
op het oppervlak) van 8.5 % waargenomen. Dit is de hoogst gemeten waarde in een
DC oppervlakte omladingsbron op het moment van schrijven.

De negatieve ionen kunnen op hun weg naar de "versneller" botsen met restgas -
en plasmadeeltjes, waardoor deze ionen verloren kunnen gaan. In hoofdstuk 5
wordt onderzoek beschreven naar het transport van negatieve ionen, gevormd aan
een bariumomladeroppervlak, door een plasmabucketbron. Het verlies ten gevolge
van botsingen met restgas bleek dominant te zijn. Als laatste werd gekeken naar het
in symbiose werken van oppervlakte omlading en volume productie. Een toename
van 25 % door oppervlakte omlading werd waargenomen bij een lage brondruk.
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CHAPTER 7C

3AKJIIOUYEHHE (SUMMARY IN RUSSIAN)

3 uccaegoBaHNs B 06/1aCTH siA€epHOM hycn, B UaCTHOCTH UccaelOBaHHE
BBICOKOIHEPrMUECKON NJacMM OKa3biBaeTcsl HyX/Ja MeToJda TOJIKHYTb Ha
[AaCMy U TOXE €e packKaJjuTb, TOJbKO UTO 6yAeT BO3MOXHO AOCTUTHYThb
3aXUraHuslt U 1.H.-oro "steady state fusion” (crabunasHol dycun). OAUH U3
yeTsipe MeToZa, KOTOPbI Ha3biBaeTCsl B 3TOM AuUccepTalHM - UHbeKLIHa B
HenTpaJabHble nyuku (NBI; Neutral Beam Injection). 3Heprusa nyuka HaJo
NMPOHYKHYTb B LlEHTPY NJacMH - okoJo 1 MeV. a5 sToil uenn ynorpe6ieHue
MO3HUTUBHBIX UOHHBIX UCTOUHHMKOB MOUTH HEBO3MOXHO, MOTOMY YTO IMaHC
HeliTpaJ/M3ai(MM Yy TaKUX BBICOKUX TeMmnepaTyp Bcerza He60JbIOMH.
PazpemeHue 3Toro Bolpoca - ynoTpebjJeHHe MNO3UTHUBHBIX HWOHHBIX
HCTOUYHUKOBR Kak MeXAycTaausi B NPOU3BOACTBO HeNUTpaJbHOro nyuka. ¥
TaKO BbICOKOI 3HEPrdH WMaHC HEeNTpaaHU3alLUM AJsl1 HEFaTHBHbLIX UOHOB -
okoso 60 %. 3To ycTaHOBJIEHHE MOBEJO K BCEMEPHYI0 HCCAeZOBaHHUI B
06J1aCcTH HEeraTHBHBIX MOHHbIX HUCTOUHHWKOB, KOTOpPble MOI'YT IOCTaBHTb
MHOro Toka., [[/1s1 aToro UMeTcst 2 MetoZaa; (1) nponBoACTBO obbeMa U (2)
nepesapsA NOBEPXHOCTU. B 3TOM AMCCepTalLMU ONMHUCHIBAETCS UCCJ/Ie IOBAHUE
K OCHOBHbBIM KauecCcTBaM MOCJeAHEro MeToAa,

Ilepesapsia NOBEPXHOCTU AEVICTBUTEJIbHO - MEpPeBOA 2 3JEeKTPCHa W3
METaJbHOW MNOBEPXHOCTH B IMO3UTUBHbI BOAOPOAHLI aTOM, KOTOPBIH
pedekTUPYET Ha NOBEPXHOCTb. CHaua/1a MO3UTHUBHLIA BOAOCPOAHDbIII aTOM
HENTpaJJHU3yeTCsl Ha BXGAHON pyJOH, a NoToM, 6JM3 MOBEPXHOCTH,
COCTOUTCS AyAep Ae3KcCUTalusl. Ha TakoM KpPaTKOM PacCTOSiHUH OT
NOBEPXHOCTHU YBOPEHb CPOACTBA BOAOPOAHOIO aTOMa 6yAeT MOHWXEH paau
3aMaHUYMBOI'O OTPaXEHHOIo MoTeHliHaJa, QueHb 6/IM3 MTOBEPXHOCTH yBOPEHb
cpoAacTBa By1eT noA paboueit fyHKIMe! MeTaJlia, MOCPEACTBOM uero 6y aeT
BO3MOXHO UeM onpeie/eHHbIN 3/1IEKTPOH NpobbeT uepes Gapbepa Kyaomba u
3allMeT yBopeHb cpoacTBa, O6paTHoe U BO3MOXHO, TaK UTO FOBOPUT O
pe3oHUpyiomeM 3aHSITUM yBepeHs cpoicTBa. YacTe 3apsi]a MOXET T=Ub
obpaTHO K MeTaJjy, KOra BOAOPOAHbBIN aTOM OTZaJsIeTCsl OT MeTaJbHoM
NMNOBEPXHOCTHU. BAeACTBHE 3TOro TONbKO 4acTb ATOMOB [€pe3apsiiUT B
HeraTHBHbie WOHbI, ITOT MpPOLECC Ha3bIBAETCS PE3OHUPYWI UM OBEMEHOM
3apsiOM.

9TO HM3BECTHO JIWEOMYy UTO PE30HUPYWIEIUI OB6MeH 3apsiiOM OueHb
HaBUCHMbIHM OT paoueil §yHKIHMU MeTabHOM NOBEPXHOCTH; UeM HUXE 3TOMH,
TeM BoJblie WaHCa Ha O6pa3oBaHUe HEraTHBHOIO MOHA, ITO NMPUUMHA MToUueMy
ucceayioT oco6eHHO O6MeHY 3apsiioM Yy NMOBEPXHOCTU BOJb¢gpaHa M
MOJIM6 AeHa, MOKPBITHI C MOJIOBUHO MOHO- CJOMCTON necHeM. Pa6Gouas
pyHkuMs1 Takoit nosepxHocTH 1.45 eV, a waHc ofpa3opaHUsi MOHOB A

BOAOPOAHBIX aTOMOB, pa36pOCaHHbIX HaZ TON Xe€ CaMOi MOBEPXHOCTUID,
Ha6moAaadacsa Ha 67 %.
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BTopasi rsapa onbicMBaeT MccJieoBaHUe B OQHOW TOUHO onpeAesieHHOMN
U.H.V.- yCTAHOBKE, B KOTOpPOH MNyuok Bojopoaa pa3bpachiBaeTcss Ha
roBepxHOTb Gapus, ubsa pabouas ¢yHkuus 2.5 eV.Bonpeku 3ToOMt
OTHOCUTENbHO BbICOKOH paboueit ¢pyHknUM, Habawaaacsa waHC Ha
o6pazoBaHUe HOHOB A0 35 %. O6bsiCHEHHUE 3TOr0 3aMEeUaTEbHOI0O OTKPBITUSA
MOXHO HalTH BO BLICOKYI0 F'YCTOTY 3JIEKTPOHHBIX NMOJIOXEHUNA B TOM Xe
caMoM 6apuu (T.H. ®epmu sHeprusi). Paagu 3ToH BpICOKON TYCTOTHI
nepexoAHasl 4acTOTa pacTeT, uepe3 KoTopass obpasyercs 6osbue
HeraTUBHbBIX HOHOB uUeM OXWAaHo. OAHAKO, ONTHMAJIbHBIN MaHC Ha
obpa3oBaHHe MOHOB U3MEHHJICS K BBICHIYKW IHEPrUU peqaekxTUpPyeMblX
yacTul,. H3-3a OTHOCUTEJEHO BbIC JKOH paboueill pyHKUMH 6apusi, obMeH
3apsiAOM JIOKaJu3yeTcst ocobeHHO 6/1M3 NOBEPXHOCTH, NMOCPEACTBOM UEro
6y AeT BO3MOXHO UeM sIBUTCST UHTephepeHUUsIMH, KaK U ONbICUBaeT BTopasi
raaBa.

BblCOKMIT IaHC Ha O6pa3oBaHNe HEFraTUBHbIX HMOHOB, KOTOPbIN HabwAaACs
Vv PEe3OHUPY W1 OOMeH 3apsiA0M, MoBeJ K 06pa3oBaHHI0 T.H.-bIX UICTOUHUKOB
A nepe3apsja MOBEPXHOCTH. B MpUHLMITE TaKOM KCTOYHHMK CYMECTBYET U3
BOAOPOJHON pa3psiAKH, KOTOPas CBA3aJaCb C MOBEPXHOCTLI C HU3KOM
pabouenn dyHxiHelt (epe3apsiIHUKOM), KoTopas - Mo/l TOKa HeraTUBHOI o
HanpaxeHusl, H3-3a 3TOro HanpaxeH!s! 3KCTParupywTcs HeraTUBHbIE MOHBI
1.3 MJacMU. 3TU HOHBI MOryT pedaeKTUPOBaTb HJAU NPOHYKHYTb B
NOoBEepPXHOCTb Nnepe3apsiiHuka., BxoagHoOe TeueHHE HOHOB OAHOBPEMEHO
MOXET yAaauTb abcopbupyeMslii BogopoA (nneTsb). Yepes pe3oHUPYOMUII
oBMeH 3apsiiIoM BO3MOXHO MNepe3apsiauTb pedJiekTUpyeMble W HWIUTIUMbIE
yactuun. HeMeaneHHo, korja ofpa3oBaJjicsli OAWH HeraTHBHBIH UOH,
YCKOPUTCSI €ro B HallpaB/€HWe OTKPBITUS AJAS 3KCTPakKLUM: T.H.
CaMO3KCTpaKuus,

TpeTHe, ueTBepTHE U WIECTHE I'1aBb] ONbICHBAIOTCS U3MEPEHUS] 1 HCTOUHUK
Ans nepesapsiaa nopepxHoctH ALICE (Amsterdam Light Ion Conversion
Experiment), ¢ KOTOpbiM UCCJ/IEAOBAJOCh KauecTBa (a) mepesapsigHUKa
BoJbpaHa, MOKPBHIT C LlecueM, U (6) nepezapsigHuka 6apus, HaMmepeHus
pa3aesieHUss 3SHepru fpou3BOAHbIX HMOHOB OKAa3bIBAlOTCS, YEM BaXKHeHMmMl
HauWH MPOUIBOACTBA WHMNETh. B npoliecce muUNeHHWs1 BaXHbIA napaMeTp ecTb
HMepHeech KOJIHUECTBO BOAOPOAAa Ha MOBEPXHOCTH flepe3apsaAAHUKa. [las
ofenUx MOBEPXHOCTHU flepe3apsiiOB MNOCTAaBUJOCH MOAEJU, UTOBHI
PaccuMTaTbh 3TH KOHUEHTPaL UK,

B ueTRepTOil IJlaBe MOMXHO UMTaTb, UTO 3Ta KOHUEHTpauusa Yy
nepes3apsiAHUK BOJbipaHa, MOKPLIT € lecUeM, 0COBeHHO onpeaejleHHa uepes
CKOPOCTb 3p03HM BoJbdpaHa, B CYHIHOCTU RoJAb$paH yAaaUTCA, BJAEACTBHE
npoiecca MUNeHUs:, 3TOT MO/Jejb Ha3biBaeTcs? NpeobJaZaHue WUIEHUS
(sputter dominated). TpeTve W WecTHe rAaBbl OMBICHBAKTCS], UTO KOHIUEHTPaLUs]
y nepesapsigHuk 6apust onpeAeJieHHa yepes Auddy3uw sogopoaa B bapuil.
3TOT MoJe b Ha3biBaeTcsl Npeobaafanue avddyzunu (diffusion dominated). B
RCEX C/AyuasiX corjlacyeTcss TEOPHUsl C NPakTUKOMN, ¥ TeueHUEe MNO3UTHUBHDLIX
noHos 500 mA/cm?2 Ha6oAa10ck addekTUBHOCTL nepesapsiaa 8.5 %. Cefiuac,
TO eCTb BelCOUalmasi U3BMEpPeHHas CTOUMOCTb B ogHoM "DC"- uctouHuke Ans
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nepesapsiaa NOBEPXHOCTH.

HeraTyBHbi€ MOHBI MOTFYT MNpPOITH B CTOJIKHOBEHME C UacTHLH
OTCTaJIbtHOFO ra3a W [JaCMM MO NYTU A0 YCKODEHMsS, OTUEro 3TU HOHbI
nponaayT. B naToi raaBe MOXHO UMTAaTh O UCCAEAOBAHUWU K TPAaHCHOPTY
HEeraTMBHbIX WOHOB, 06pa30BaHHB Ha NOBEPXHOCTU NMepe3apsiAa 6apusi U3
oaHoro "plasma-bucket” ucrouHuka., HoTeps, BaAeACTBUE CTOJKHOBEHMH C
OTCTaJbHbIM ra3oM, nNpeobsaaana, /[AUBepreHi{Usi NMyuka, KOTOPBIH
NpouUsBOAUJCST Ha MOBEepPXHOCTH, Hccaeponsasack. Hoa KoHer
vcclegosasocb, utofpl paboraTh B €AMHCTBE Npou3BoACTBO obbeMa U
nepesapsa/ moBepxXHOCTU. Paau nepezapsila NOBEPXHOCTH y HHU3KOE
AaBJIeHUE UCCTOUHMKA HaBJ 10 1a/ICh OAUH f1pUpocT Ha 25 %.
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