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- 1 -

Het is slechts in uitzonderingen toegestaan om locale effecten te verwaarlozen bij het
beschrijven van ladingsoverdracht tussen atomen en metaaloppervlakken.

Dit proefschrift, Hoofstuk 2,3 en 4.

- 2 -

In oppervlakteconversiebronnen worden negatieve ionen voornamelijk gevormd
door verstuiving ten gevolge van bombardement met zware ionen.

Dit proefschrift, Hoofdstuk 6.

- 3 -

Bij transport van geladen deeltjes door een quadrupoolkanaal geeft een op één
bepaalde plaats gemeten bundelprofiel onvoldoende informatie om de stroomlimiet te
kunnen berekenen.

R. Wojke, R. W. Thomae, F. Siebenlist, C. F. ^ . <n Os, A. E. van Putten, F. G. Schonewille,
R. Steenvoorden, S. T. Ivanov, P. W. vjn Amersfoor J. Kistemaker, H. Klein, A. Schempp,
T. Weis, en A. Gerhard, The FOM-MEQALAC Project, Status Report June 1986, FOM-Rapport
nr. 62.219, Amsterdam, 1986.

- 4 -

De ingevoerde herstructurering van het universitair onderwijs is onvolledig in die
zin, dat differentiatie in niveau door het instellen van "centers of excellence" achter-
wege is gebleven.

- 5 -

Bij industriële toepassing van implantatie in metalen of halfgeleiders is een
radiofrequent versnellend veld te preferen boven een electrostatisch veld, indien de
gewenste deeltjesenergie hoger is dan 500 keV.

D. C. Ingram, Nucl. Instr. Meth. in Phys. Res. B 12 (1985) 161.



- 6 -

De door Lounasmaa beschreven methode om de transmissie van een supergeleidende
fluxtransformator te maximaliseren is onjuist, omdat de transformatiefactor wordt
gedifferentieerd naar de zelfinduktie van de inkoppelspoel in plaats van naar het
aantal windingen van de preparaatspoel.

O. V. Lounasmaa, Experimental Principles and Methods below 1 K, Academic Press, Londen, 1974,
pag. 175.

- 7 -

Bij het bestuderen van natuurwetenschappelijke publicaties gaat teveel tijd verloren
met zoeken naar de gebruikte eenheden.

- 8 -

In tegenstelling tot George Orwell is Aldous Huxley erin geslaagd een realistisch
beeld van de maatschappij anno 1984 te schetsen.

G. Orwell, Nineteen Eighty-Four, Martin, Seeker & Warburg, 1949.
A. Huxley, Brave New World, Chatto & Windus, 1932.

- 9 -

Voor het begrijpen van de effecten die een rol spelen bij plasma-depositie van metalen
is fundamenteel onderzoek aan verstuiving van geadsorbeerde lagen noodzakelijk.

- 1 0 -

Fysische processen zijn nooit nieuw.

W. C. Sinke, Nieuwe Fysische Processen voor Silicium Zonnecellen, Proefschrift Rijksuniversiteit
Utrecht, 1985.

- 1 1 -

Het verdient, gezien de aard van de werkzaamheden van de experimentator,
aanbeveling in de natuurkundestudie het onderwijs in de quantummechanica te
vervangen door een practicum werkplaatstechnieken.
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CHAPTER 1

THE INTEREST IN NEGATIVE-ION FORMATION

A fundamental understanding of the interaction of energetic particles with metal
surfaces is of growing importance for many fields of physics. Among those are fusion
research, solid state catalysis, tribology, and fabrication of semiconductor devices.
One of the applications in fusion research is found in the surface generation of
negative ions. Various phenomena which play a role in this complex process are
studied here.

The interest in negative-ion formation is related to the development of intense
beams of neutral particles. In fusion experiments, neutral beams serve to heat the
plasma, to diagnose its characteristic properties (e.g. particle densities or momentum
distributions), to fuel the device with fresh deuterium or to sustain the discharge
current. The latter leads to an increase of the pulse length beyond present values.
Neutral beams also find application in space programs, for instance as thrusters for
rocket propulsion. These require much less propellant than conventional thrusters,
whose performance is limited by the energy released by chemical reactions.

Beams of deuterium atoms with an energy of 120 ke V are used to heat the plasma
in TFTR. A particle energy of 160 keV is planned for JET. The total beam power is
of the order of 10 MW. Positive ions are used as intermediate particle. These ions are
extracted from a plasma source, accelerated to the desired energy, neutralized in a gas
cell, and subsequently injected into the torus.

It is advantageous to have a considerably higher particle energy in future devices.
The motivation for this lies in the fact, that the penetration depth in the plasma
increases strongly with increasing velocity. This is generally believed to result in an
improved energy deposition profile.1 Furthermore, the beam current can - at a given
demanded beam power - be reduced when the particle energy is increased. The
transverse dimensions of the beam line can then be made smaller, so that demands on
pumping capacity are softened. This also results in better neutronics, because a larger



part of the outer area of the torus is available for T-breeding. For diagnostic beams, a
high penetration depth is essential when the plasma properties in the "hot" center of
the device are to be probed.

It is illustrated in Fig. 1.1 that an increase of the particle energy leads to problems
in neutralizing the intermediate ions. The neutralization efficiency for deuterium ions
passing through a gas cell, as reported by Berkner et al.,2 is shown in this figure as a
function of the particle energy. It is seen that the neutralization efficiency for positive
ions drops to a value smaller than 50 % when their energy exceeds 100 keV per
deuteron. Thus, only a small fraction of the intermediate beam is neutralized. The
remaining ion component cannot pass the magnetic field, which is used to confine the
plasma. These ions are bent out of the beam line and fed to a beam dump. The
associated power loss is considerable in the case of neutral beam heating.

20 50 100 200

ENERGY [keV/ DEUTERON \

500 1000

FIGURE 1.1. The (maximum) neutralization efficiency for deuterium ions passing through a gas cell,
as a function of the particle energy.

It is seen in Fig. 1.1 that, in contrast to positive ions, negative deuterium ions can
be efficiently neutralized at high particle energies. This has stimulated a world-wide
research on negative-ion formation. An additional advantage of using negative ions is
that the intermediate beam is not contaminated with molecular ions. Note that a
deuterium discharge usually produces D2

+ and D3
+ ions besides the desired D+ ions.

These dissociate in the gas cell, which results in neutral atoms at 50 % and 33 % of the
full energy, respectively. As a consequence, the penetration depth of this fraction of
the beam is reduced.

There are several mechanisms to produce intense beams of negative ions. One of
the earliest approaches is to pass a positive-ion beam through an alkali vapour.3

Negative ions are formed as a result of charge exchange with the alkali atoms. A
second approach is to form negative ions via backscattering of positive ions from a
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metal surface.4 This mechanism is usually referred to as "surface conversion". A
tiiird approach is to extract negative ions directly from a gas discharge, in which they
can be formed via collisions of electrons with excited neutrals.5 This mechanism is
usually referred to as "volume production".

This thesis deals with surface conversion of positive hydrogen ions. The set-up of
a typical plasma source, in which this mechanism is employed,6-7 is shown in Fig. 1.2.
A metal electrode, the so-called converter, is brought into contact with a hydrogen
plasma. The converter is usually made from molybdenum. It is biased at a negative
potential of a few hundred Volts. Consequently, plasma ions are accelerated towards
the surface, where a fraction is reflected. The incident ions also sputter adsorbed
hydrogen atoms from the surface. A fraction of the scattered and sputtered particles is
negatively charged due to charge exchange with the metal. These ions are accelerated
by the negative converter potential and subsequently "self-extracted" through an
aperture.

CESIUM VAPOUR
INJECTOR

CONVERTER

DISCHARGE CHAMBER

FIGURE 1.2. Schematic view of a typical surface-conversion ion source.

It is obvious that the negative-ion formation probability increases when the work
function of the converter surface is made smaller. The customary approach to achieve
this is to adsorb a submonolayer cesium coverage. This leads to the formation of an
electrostatic dipole layer, which reduces the work function.8 Measurements of
Desplat and Papageorgopoulos of the work function O of a cesiated W(110) surface
are shown in Fig. 1.3 as an example.9 It is seen that O reaches a minimum of 1.45 eV
at a cesium coverage of the order of 0.6 monolayers, which is one of the lowest
possible values for metallic surfaces. In a plasma source, cesium is sputtered from the
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6Cs H01'cm-2l m-

FIGURE 1.3. The work function O of a cesiated W(l 10) surface as a function of the cesium
coverage 9Cs. A full monolayer contains 5.5xl014 cesium panicles per cm2, which is equivalent to
0.36 adsorbed particles per tungsten ion. The work function of a clean W(l 10) surface is 5.2 eV.

converter by the incident proton flux. It is usually replenished via injection of cesium
vapour into the discharge chamber.

A fundamental study of the charge exchange process on the converter surface is
presented in this thesis. A plasma environment is not very suitable for such a study.
Therefore, ion beams of the involved species (i.e. hydrogen and cesium) are scattered
from a thoroughly cleaned W(l 10) surface, under ultra-high vacuum conditions. The
cesium coverage of the surface is a controlled parameter. Chapter 2 deals with the
negative-ion formation probability for hydrogen atoms. These measurements are a
continuation, in a much wider parameter range, of the work of Van Wunnik et al.10

The influence of coadsorption of hydrogen is studied in Chapter 3. These
measurements are important for understanding the formation process in plasma
sources, because the converter surface is expected to be strongly contaminated with
hydrogen. The charge state of scattered cesium particles is investigated in Chapter 4.
Knowledge of this parameter is essential for Chapter 5, in which a model study of
adsorption of cesium on a metal surface in contact with a plasma is presented. Finally,
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the negative-ion formation process in a plasma environment is studied in Chapter 6.
We discuss measurements done on a hollow-cathode discharge equipped with a novel
type of converter, namely a porous tungsten button. Liquid cesium diffuses through
this button towards the side in contact with the plasma.

It is emphasized that this thesis is not meant to be a manual for constructing a
negative-ion source. Besides having a general relevance for surface physics, the
effects that will be discussed are also important for other applications in which a metal
surface is in contact with a plasma. Among those are etching and deposition reactors,
as employed for the fabrication of semiconductor devices, wear and corrosion
resistant metals, coated glasses, light guides, etc. All Eqs. in this thesis are expressed
in MKS units, unless otherwisely stated.
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CHAPTER 2

FORMATION OF NEGATIVE HYDROGEN IONS

ON A CESIATED TUNGSTEN SURFACE

2.1 INTRODUCTION

Formation of negative hydrogen ions on a metal surface has been the subject of
many experimental investigations.1'8 Especially surfaces with a submonolayer cesium
coverage received attention. The motivation for this lies in the fact that the work
function of such surfaces can have an extremely small value. The latter is expected to
lead to a high negative-ion formation probability.

Several authors attempted to calculate the charge state of hydrogen particles which
are scattered or sputtered from a metal surface. The oldest approach is from Hiskes.9

He assumed that negative ions are formed close to the surface and that they can be
neutralized while moving away from it. The probability to detect a negative ion at a
large distance from the surface is then given by the product of an ionization
probability and a neutralization probability. Neither the broadening of the aff "ity
level, nor the metallic nature of the surface are taken into account in this empirical
description. A different approach, the probability model, was first described by
Overbosch et al.10 and later worked out by Rasser et al .n . These authors calculated
the electronic transition frequency as a function of the atom-metal distance. Balancing
transitions that lead to ionization and to neutralization they arrived at a classical rate
equation, which describes the evolution of the charge state as the atom moves away
from the surface. A third approach, the amplitude model, was discussed by N0rskov
and Lundqvist12 and by Brako and Newns.13 Instead of considering the evolution of
the charge state, they calculated the time evolution of the wave function amplitude. It
is generally believed that this approach gives the most adequate description of the
charge transfer process. However, Geerlings et al. recently showed that the
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probability model is the classical limit of the amplitude model in the velocity range
pertinent for our work.14 The difference between the two models is negligible for
hydrogen atoms moving from the surface with a normal velocity larger than 104 m/s.

Van Wunnik et al. did an experimental study on formation of negative ions in
scattering a beam of protons from a cesiated W(110) surface.1-2 Such a surface has
attractive characteristics for negative-ion formation. At a cesium coverage of roughly
0.6 monolayers it has a work function of 1.45 eV (see Fig. 1.3), which is one of the
lowest possible values for metallic surfaces. Van Wunnik et al. found that the
scattered beam contains both neutral atoms and negative ions, but no positive ions.
The negative-ion fraction has a pronounced maximum at the minimum work
function. The height of this maximum strongly depends on the particle energy. The
maximum ion fraction, which amounts to 40 %, was obtained at a primary energy of
400 eV and a detection angle of some 80° with the surface normal. This is the smallest
value of the energy that was investigated. Van Wunnik et al. compared their
measurements with the probability model and with the amplitude model. The
calculated formation probabilities were fitted to the measurements by adjusting the
position of the affinity level in the vicinity of the metal. This was done via adjustment
of a number of non-physical parameters. An excellent consistency of theory an
measurements was achieved.

The results of Van Wunnik et al. revealed many interesting aspects of negative-ion
formation, but their range of primary energies is too high to make these results of
direct interest for plasma sources. Furthermore, the protons in a plasma source strike
the converter electrode along the surface normal rather than under the glancing
angles which were studied by Van Wunnik et al. This discrepancy is emphasized by
measurements of Schneider et al.,6 who observed a so-called trajectory effect (i.e. a
strong dependence of the backscattered ion fraction on the angle of incidence) in
scattering molecular deuterium ions from a sodium target. These considerations
justify a further study of the formation of negative hydrogen ions on a cesiated
W(110) surface.

The results of this study are presented here. The measurements are done for
primary energies ranging from 50 eV to 3000 eV, for angles of incidence of 45° or
70°, and for angles of detection from 10° to 80°. All angles are defined with respect
to the surface normal. To cover this wide range of parameters we work with a proton
beam, which is a factor of 1000 more intense than the one used by Van Wunnik et al.
Our measurements are compared with the probability model. The position of the
affinity level is fitted to the measurements via adjustment of a single physical
parameter, namely the electrostatic screening length in the metal.
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.1

2.2 THE IONIZATION PROCESS

A brief description of the negative-ion formation process is given in this section in
terms of the probability model. Two-electron effects are neglected. The motivation
for this lies in the fact, that the separation of the ionization level and the affinity level
is extremely large in the case of hydrogen. At large atom-metal distances these levels
are 13.6 eV and 0.75 eV below the vacuum level, respectively. Neutralization of the
incident protons and the subsequent (negative) ionization can then be considered to be
uncorrelated processes.

A proton in front of a metal surface is neutralized with a high efficiency. The most
probable process is resonant neutralization into an excited state, followed by Auger
deexcitation to the ground state.1S The latter process strongly depends on the electron
density at the turning point of the particle trajectory. It has been observed that a
proton incident on a cesiated tungsten target penetrates the cesium layer and reflects
from the tungsten lattice.2 The electron density at the turning point is then high
enough to ensure scattering as a neutral atom in the ground state. The atom can pick
up an additional electron after reflecting from the surface. We remark that the
formation of negative ions in the incident trajectory is of no importance for the final
charge state. Rogers et al. showed that negative ions cannot exist on a metal surface,
because the attractive potential of the core is screened by the metal electrons.16 An ion

FIGURE 2.1. Energy diagram for an atom with electron affinity Ea in front of a metal surface with
work function O. The affinity level shifts and broadens as the atom approaches the surface.
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formed in the incident trajectory is thus neutralized when it hits the surface. This was
confirmed experimentally by Van Wunnik et al., who found that the negative-ion
formation probability for hydrogen atoms scattered from a cesiated W(110) surface
is independent of the condition, whether positive or negative ions are used as incident
particle.2

The ionization process in ihe outgoing trajectory is illustrated in Fig. 2.1, where
the energy diagram of a static hydrogen atom in front of a metal surface is shown.
Following Gadzuk, we treat the interaction between the atom and the metal in terms
of a perturbation of the pure atomic and metallic states.17 This approach is valid for
atom-metal distances larger than three times the Bohr radius a0. The metal electrons
are described as free particles in a potential box, characterized by a work function <I>
and a Fermi energy Ep. This box is represented by the shaded area in Fig. 2.1.

The attractive interaction between a negative ion and its positive image charge in
the metal causes the affinity level to shift downwards with an amount AEa(z). This
shift is in first order given by the expression18

e2 1
AEa(z)= (2.1)

a 4ite0 4(z+ks->)

where e is the electron charge, e0 is the dielectric permittivity of vacuum, z is the
atom-metal distance, and k^1 is the electrostatic screening length in the metal. The
affinity level can be shifted below the Fermi level at small values of 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 resonant interaction. Its width F(z) is proportional to the electronic transition
frequency co(z),

T(z) = {h/2rc} (O(z) (2.2)

The latter parameter can be calculated with Fermi's Golden Rule, i.e. from a
convolution of the initially sharp affinity level and the density of states pm(E) in the
metal,

co(z) = 2jiZpm(Ea(z))ITkii
2 (2.3)

where the sum has to be taken over all atomic and metallic degeneracies. The density
of states is to be determined at the position of the shifted affinity level. The matrix
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10

FIGURE 2.2. The width T of the affinity level of hydrogen atoms in front of a W( 110) surface, as a
function of the atom-metal distance z. The correspoi ding electronic transition frequency co is
indicated. The cesium coverage is 0.6 monolayers.

element for transitions between a metallic state I k > and the negative-ion state I i > is
denoted as Tki. This parameter is in first-order perturbation theory equal to

y = < k I VI i > (2.4)

where V is the unperturbed core potential of the atom.17 The level width F(z) which is
calculated with Eqs. (2.2)-(2.4) is shown in Fig. 2.2 as a function of the atom-metal
distance z. It is seen that, in the range z>3a0, F(z) can be described as an exponentially
decaying function of z,

T(z) = To exp(-az) (2.5)

where the apparent width at z=0 is Fo=1.9 eV and the decay constant is a=0.62 a,,1.
This z-dependence directly reflects the exponentially decaying electron density in the
region outside the metal.
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Rasser and Remy investigated the density of states pa(E) of the broadened affinity
level and found a Lorentzian line profile,19

.! (r(z)/2)
P a ( E ) ~ 7 C {E+Ea+AEa(z)}2+{r(z)/2]2 ( 2 ' 6 )

They also calculated the occupation probability fa(E) for the affinity level,

1
fa(E) = (2.7)

l + 2exp{(E+EF)/(kT)}

This probability merges with a step function as the temperature T approaches zero.
The equilibrium charge state <N(z)> is then determined by the overlap of the shifted
and broadened affinity level and the conduction band,

<N(z)>^ Jpa(E)dE (2.8)

which is equivalent to

Ea+AEa(z)-O
<N(z)> = 0.5 + JT1 arctan {—- - ] (2.9)

T(z)/2

The charge state N(z) of a moving atom differs, in general, from the equilibrium
value. Rasser et al. investigated the evolution of N(z) by balancing electronic
transitions that lead to the formation and to the neutralization of a negative ion.11 The
result of this so-called probability model is a classical rate equation,

dN(z)/dz = co(z){<N(z)> - N(z) }fvx (2.10)

where v± denotes the particle velocity normal to the surface. The probability t|H that a
particle is scattered as a negative ion (i.e. the charge state at infinity) can be obtained
by integration of Eq. (2.10). The result is

20



= N(z0)exp{-vx-
1 Joo(z)dz}

+ \x-
1 /<N(z)>co(z)exp{-v1-

1 /wCz^dz'Jdz (2.11)

The first term in this expression describes the decay of the initial charge state N(zo),
which is present at the turning point z=z0 of the particle trajectory. This term is equal
to zero, because negative ions cannot exist on a metal surface.16 The second term in
Eq. (2.11) describes the ionization process in the outgoing particle trajectory.

So far, we only considered the particle velocity normal to the surface. Van
Wunnik et al. showed that the velocity parallel to the surface also plays a role in the
ionization process.20 This effect can be taken into account by shifting the Fermi
sphere in k-space over a distance, which is proportional to the parallel velocity. In
Eq. (2.11) only the parameter <N(z)> is influenced by this shift. Van Wunnik et al.
found that <N(z)> can be significantly reduced, especially when the parallel velocity
is of the same order as the velocity of those electrons which are resonant with the
affinity level.

The electrostatic screening length k,.'1, which was introduced in Eq. (2.1), shall be
used as a fit parameter in comparing Eq. (2.11) with our measurements of the
ionization probability for hydrogen atoms. This is the only fit parameter in the
model. An independent estimate of the screening length can be obtained with the
Thomas-Fermi equation,

3e2n.
k-i (2.12)ks

28OEF

The electron density in the metal is denoted as ne. This density is of the order of 103

ao° in the surface region of a W(l 10) target with a cesium coverage of 0.6 mono-
layers.21 The Fermi energy is 1.57 eV.1 The corresponding screening length is ks

l=
1.8 a0. We remark that this is a lower limit for ks

l, because Thomas-Fermi screening
is known to be inherently too efficient for a cesiated W(110) surface.22-23 This is
related to the fact that in deriving Eq. (2.12) it is assumed that kp^k/ 1 , which is not
the case for a cesiated tungsten surface. The reciprocal wave number for electrons on
the Fermi level is kF

-1=3.2 a0 for such a surface.
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2.3 EXPERIMENTAL ARRANGEMENT

The set-up of the Negative Ion Beam Experiment (NIOBE) is shown in Fig. 2.3. A
proton beam is extracted form a miniaturized multicusp ion source,24 mass selected
and subsequently focused on a rotatable W(l 10) target, which is mounted in the center
of a UHV chamber with a background pressure of 10 7 Pa. The beam current is of the
order of a nA, which is a factor of 1000 more intense than in previous experiments.1-2

The beam diameter and opening angle on the target are 1 mm and 1°, respectively.
The target is cleaned routinely with a standard oxygen treatment,25 and can be
cesiated with a dispenser26. Its work function is measured with a Kelvin probe, which
is calibrated against the 5.2-eV work function of the clean W(l 10) target. The charge
state and energy of the scattered particles are determined with a rotatable analyser,
which accepts particles leaving the target within an opening angle of 0.5°.

The charge state of the scattered particles is determined with channeltron CHI.
Irrespective of their charge state, all particles scattered into the analyser are detected
when both the lens element L and the analyser plates are at zero potential. The
negative-ion component is eliminated by a negative bias potential on L, so that the

FIGURE 2.3. Set-up of the Negative Ion Beam Experiment.



negative-ion fraction r|H can be calculated in a straightforward way. The positive-ion
component of the scattered beam is negligibly small in all cases studied here.

The hydrogen particles reflect from a second, clean W(110) ribbon before
detection by CHI takes place. The angle of incidence and the angle of reflection are
both 67.5° with respect to the surface normal. All particles are scattered as a neutral
atom, irrespective r f their initial charge state. This way, errors due to a dependence
of the channeltron detection efficiency on the charge state of the incident particles are
eliminated.27 Errors due to a dependence on the particle energy can be shown to be
negligible in our experiment.

Channeltron CHI is biased at a negative potential of 2 kV with respect to the
second W(l 10) ribbon to suppress a contribution from secondary electrons, which
are emitted by this ribbon. However, the production of secondary electrons is most
helpful at small particle energies, where the detection efficiency of CHI is close to
zero. Secondary electrons can be efficiently detected when this channeltron is biased
at a positive potential of 2 kV. This technique is employed in the 50-eV primary
energy measurements presented in the next section. The experimental data need to be
corrected for a difference in emission coefficient for incident neutral atoms and
negative ions. By comparing a particular measurement of the negative-ion fraction,
which is taken at a positive bias potential on CHI, with the same measurement at a
negative bias potential, we calculate for the ratio of these two coefficients a value of
0.37 (at Ep=50 eV).

The energy of the scattered ions is determined with an electrostatic paraliel-plate
analyser. Its detection window is denoted as AE. The measured intensity at energy E
has to be multiplied with a function E 1 because the ratio AE/E is a constant for this
type of analyser. Channeltron CH2 is biased at a positive potential of 2 kV to reduce
errors caused by the energy dependence of its detection efficiency.

The experimental procedure for our measurements is as follows. The W(110)
target is first cleaned by flashing it repeatedly to a temperature of 2600 K. Each flash
takes ten seconds. A cesium layer is adsorbed after the target has cooled to the ambient
temperature. Meanwhile the backscattered negative-ion current is monitored with
channeltron CH2. This current is known to have a maximum at a coverage of
approximately 0.6 monolayers and to reach a saturation value after the adsorption of
a full monolayer.2 The dispenser is switched of once ihe intended coverage is reached.
Subsequently, a series of measurements of the ion fraction T)H is done at fixed primary
energy and varying angles of incidence and of detection. This procedure is repeated
many times to reduce the influence of random errors.
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2.4 EXPERIMENTAL RESULTS

The measured negative-ion fraction T)H is shown in Fig. 2.4 as a function of the
detection angle 8 for two values of the angle of incidence, oc=45° and a=70°. The
primary energy ranges from 50 eV to 3 keV. The work function of the target is
<&=1.45 eV, which corresponds to a cesium coverage of 0.6 monolayers.28 Each data
point is an average over ten to twenty measurements. The results for a work function
<1>=2.15 eV, which corresponds to a cesium coverage of a full monolayer, are shown
in Fig. 2.5. The 50-eV measurements are corrected for the dependence of the
emission coefficient of the second W(l 10) ribbon on the charge state of the incident
particles, as discussed in Sec. 2.3. At cc=45°, the detection angle p cannot be decreased
below 40° due to experimental constraints.

We observed that T|H is a strong function of the time the target has been exposed to
the beam, i.e. of the proton fluence. This dependence is shown in Fig. 2.6 for three
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FIGURE 2.4. The negative-ion fraction % in a proton beam scattered from a W(l 10) surface with a
cesium coverage of 0.6 monolayers, as a function of the detection angle p. The angle of incidence is
a=45° (filled symbols) or a=70° (open symbols). The primary energy ranges from 50 eV to 3000
eV. The lines are drawn to guide the eye.
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different situations regarding the cesium coverage. One curve is measured after
adsorption of 0.6 monolayers, one after adsorption of a full monolayer, and one with
a continuous supply of approximately 0.2 monolayers per minute. The coverage is
expected to be equal to a single monolayer in the latter case, because the binding
energy of atoms in a subsequent layer is considerably smaller than in the first layer.29

Consequently, the evaporation rate is sufficiently large to limit the coverage to a
single monolayer. It will be argued in Sec. 2.6 that the observed decrease of r|H must
be attributed to the implantation of a fraction of the incident protons into the target.

It is stressed that in collecting the data of Figs. 2.4 and 2.5 the measurements are
done within three minutes after adsorption of a cesium layer. This exposure is small
enough to exclude a reduction of the ion fraction, see Fig. 2.6.

After one hour of exposure the target has to be heated to 2600 K for a rather long
time to retain the initial value of T)H. This is illustrated in Fig. 2.7 where the
backscattered ion current, as measured with channeltron CH2, is shown as a function

90 B0 70 60 50 40 30 20 10

FIGURE 2.5. The negative-ion fraction r|H in a proton beam scattered from a W(l 10) surface with a
cesium coverage of a full mbnolayer, as a function of the detection angle p. See the caption of Fig.
2.4 for further details.
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FIGURE 2.6. The dependence of the backscattered ion fraction r\H on the exposure time of the target.
The primary energy is 200 eV. The primary beam current is 1.5 nA for the upper curve and 1.2 nA
for the two lower curves. Triangles: a=70°, (J=80°, 0.6 monolayer cesium coverage. Circles:
ce=70°, p=30°, full monolayer cesium coverage. Squares: <x=70°, P=30°, continuous cesium
supply. Each data point is a progressing mean over five measurements.

of the cesium fluence. The primary beam current is the same for the three curves. The
angle of incidence and the detection angle are both 70°. Curve A is taken after one
hour of exposure to a 1-nA, 400-eV proton beam followed by a single 10-s flash to
2600 K. The pronounced maximum of the negative-ion fraction at a coverage of 0.6
monolayers, which was reported by Van Wunnik et al.,2 is clearly absent. Curve B is
taken after seven more 10-s flashes. The initial profile is reproduced after six more
flashes, as is demonstrated by curve C: the negative-ion current reaches a maximum at
a coverage of 0.6 monolayers and decreases as the coverage is increased to a full
monolayer. This profile is insensitive to further heating of the target.

Some typical energy distributions of the scattered ions are shown in Fig. 2.8.
These are obtained at a primary energy E =400 eV and a cesium coverage of 0.6
monolayers. The distributions are presented as registered; they are not corrected with
the analyser function E1 , which was briefly discussed in Sec. 2.3. The motivation for
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FIGURE 2.7. The backscattered negative-ion current as a function of the cesium fluence to the target.
For details see text.

this is that in the present discussion only the location of the peaks is relevant. All
distributions are peaked at an energy of 0.8-0.9 times Ep. There is a second peak at
0.95 E in the ct=70°, P=80° distribution. A pronounced low-energy tail is present at
small p. We obtained a similar structure at other primary energies. However, with
increasing energy the tail becomes progressively larger until at Ep=3000 eV the
distributions are nearly flat for all a and p. The distributions for a cesium coverage
of a full monolayer do not differ appreciably from those for 0.6 monolaj .rs, except
for a slight increase of the peak at 0.95 Ep. Furthermore, the curves measured after
one hour of beam exposure are identical to the ones in Fig. 2.8.
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FIGURE 2.8. Energy distribution of the backscattered negative ions, as obtained at a primary energy
E of 400 eV. The angle of incidence is a=70° in Fig. 2.8a and a=45° in Fig. 2.8b. The cesium
coverage is 0.6 monolayers. Results for various detection angles are shown.

2.5 DISCUSSION

2.5.1 The ionization probability

The measurements of the negative-ion fraction in Figs. 2.4 and 2.5 are consistent
with previously reported measurements of Van Wunnik et al.1-2 However, the
minimum primary energy which was investigated by these authors is 400 eV, whereas
in the present study the measurements are continued down to 50 eV. The maximum
ion fraction reported by Van Wunnik et al. is TIH=0.4, which value was obtained at a
primary energy of 400 eV. Our maximum amounts to T)H=0.7 at a primary energy of
100 eV.

28



The experimentally determined values for T)H are compared with the probability
model in Fig. 2.9, where the measurements for a work function of 1.45 eV are shown
together with the corresponding theoretical curves. The Fermi energy of the metal is
taken equal to EF=1.57 eV in the calculations.1 The turning point of the particle
trajectory is given me value zo=ao. The electrostatic screening length ks" is used as a
free parameter in fitting Eq. (2.11) to the measurements done at a primary energy of
100 eV. This procedure yields the value ks

-I=3.2 ao. The same value is used to
calculate the curves for the other primary energies, which range from 50 eV to 400
eV. It is seen in Fig. 2.9 that theory and measurements are reasonably consistent
except for the 50-eV case. This consistency is rather surprising, in view of the fact
that only a single fit parameter is used in our model. The deviations for 50 eV could
be related to the different detection technique employed in this case. We have not tried
to compare theory and measurements for primary energies exceeding 400 eV. The
motivation for this lies in the fact that it can be shown with the so-called freezing-
distance approximation that the ionization process takes place mainly in the region
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FIGURE 2.9. A comparison of measured and calculated values of the negative-ion formation
probability T|H, in the case of a cesium coverage of 0.6 monolayers and an angle of incidence a=70°.
The primary energy ranges from 50 eV to 400 eV.
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z<a0 at these energies.10 The modification of the initial wave functions is suspected to
be too large in this region to be described in first-order perturbation theory.

Our value for the screening length has to satisfy some physical requirements. It is
discussed in Sec. 2.2 that the Eq. (2.12) gives a lower limit of 1.8 a0. Furthermore,
Lang and Williams30 and N0rskov31 theoretically showed that, on the surface, the
affinity level should merge with the bottom of the conduction band. It is derived with
Eq. (2.1) that at z=0 the affinity level is 0.15 eV above the bottom of the conduction
band. This result gives confidence in the physical relevance of our fit of ks"'.

The high values for r\H in Figs. 2.4 and 2.5 suggest the use of a cesiated metal
surface as ionizing element in detection of low-energy hydrogen atoms. At present,
the customary approach is to scatter such atoms from a metal surface and to detect the
secondary electrons. However, the secondary-emission coefficient drops to a small
value at primary energies smaller than 100 eV. Li contrast to this, our measurements
show that at an energy as small as 50 eV hydrogen atoms can be ionized with an
efficiency of the order of 50 %. Van Toledo et al. decided to employ this technique in
detecting neutral atoms escaping from the wall region of a TOKAMAK.32

2.5.2 The energy distribution of the scattered ions

The energy distributions in Fig. 2.8 are all peaked at an energy of 0.8-0.9 times
the primary energy Ep. There is a second peak at 0.95 Ep in the cc=70°, 0=80°
distribution. These energy losses are too large to be attributed to a single binary
collision of a proton and a lattice ion. Such a collision would result in a loss of only
0.01 E_. Van Wunnik et al. measured similar energy distributions as in Fig. 2.8, and
proposed to attribute the peak at 0.8-0.9 Ep to particles which penetrated the cesium
layer.2 These particles are scattered from the tungsten lattice, where their energy loss
is probably established by electronic stopping. The peak at 0.95 Ep was attributed to
particles which reflected directly from the cesium adsorbate. The latter is supported
by our observation that this peak is slightly higher at a coverage of a full monolayer
than at a coverage of 0.6 monolayers.

2.5.3 The trajectory effect

It is obvious from Figs. 2.4 and 2.5 thai within the experimental error the charge
transfer process is independent of the angle of incidence a. This controversy with the
measurements of Schneider et al,6 which were briefly discussed in Sec. 2.1, can be
understood with the following argument.
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It is discussed in Sec. 2.2 that we are only interested in the ionization process in the
outgoing particle trajecory, because negative ions cannot exist on a metal surface.
Consequently, a trajectory effect in the ionization process can only originate from a
trajectory dependent neutralization process. The latter process depends strongly on
the electron density at the turning point of the trajectory. It is suggested by the energy
distributions that in our experiment most protons are scattered from the tungsten
lattice. The electron density there is sufficiently high to ensure that every particle is
scattered as a neutral atom in the ground state, so that the appearance of a trajectory
effect is rather unlikely.

The electron density in the sodium target of Schneider et al. is two orders of
magnitude smaller than in our target, which makes it reasonable to expect that the
neutralization efficiency depends on the angle of incidence. At glancing incidence the
penetration depth is smaller than at normal incidence, so that a higher fraction of the
scattered particles has to be neutralized in the outgoing trajectory. The negative-ion
formation process then starts at a larger distance from the surface, which results in a
reduction of the yield. The latter was observed by Schneider et al. It is remarked that
the appearance of a trajectory effect is enhanced by the high primary energy in their
experiment, which ranged from 3 keV to 6 keV.

Van Wunnik et al. observed a small trajectory effect for angles of incidence larger
than 750.2 The energy distributions showed that at these angles significantly more
particles reflected directly from the cesium layer than in our experiment. The
electron density there is roughly two orders of magnitude smaller than in the W(l 10)
substrate.21 Van Wunnik et al. found that with increasing angle of incidence more
particles reflected directly from the cesium layer, while the negative-ion fraction
slightly decreased. This result is consistent with our view of the trajectory effect.

2.5.4 The dependence of the ionization process on the proton fluence

It is deduced from Fig. 2.6 that the backscattered ion fraction TJH decreases with a
factor of five when the surface has been exposed to a proton fluence of the order of
4xlO15 cm2, at a cesium coverage of 0.6 monolayers. This effect was not observed in
previous experiments, in which the beam current was a factor of 1000 smaller than at
present. At the involved fluence it is unlikely to expect a major distortion of the
W(l 10) surface, in view of the fact that protons can transfer only 1 % of their energy
in collisions with tungsten ions. Furthermore, one might be tempted to attribute the
reduction of r|H to a decrease of the cesium coverage due to sputtering. We found that
this explanation must be discarded for several reasons. First, it is demonstrated by the
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two lower curves in Fig. 2.6 that the reduction is essentially independent of the
condition whether cesium is supplied to the target. Second, the curve measured after
adsorption of a full monolayer should not decrease monotonically if cesium is
sputtered, because r\H has a maximum at a coverage of 0.6 monolayers. Third, even a
pessimistic estimate of 10-3 for the sputter coefficient of 200-eV protons leads to a
characteristic life time for the cesium layer of 106 s. The backscattered ion fraction in
Fig. 2.6 is reduced on a time scale which is three orders of magnitude smaller.

Having eliminated sputtering, we propose that the observed reduction of the ion
fraction is caused by implantation of a fraction of the incident protons into the target.
This explanation is supported by the observation that the initial profile in Fig. 2.7 can
only be reproduced after one hour of beam loading, if the target is extensively heated
to 2600 K. Assuming a reflection coefficient of 50 % for 200-eV protons incident
under an angle of 70°, we arrive at an implanted dose of 2xlO15 cm 2 after one hour.
This is of the order of a monolayer.

The observation that the ionization process is affected by the presence of hydrogen
is important for modelling negative-ion sources of the type shown in Fig. 1.2. The
current density on the converter surface is usually of the order of a 100 mA/cm2 in
these sources, while the hydrogen pressure is typically 0.1 Pa. Under these conditions
we expect that the converter is substantially contaminated with hydrogen, so that the
ionization probability is strongly reduced. In this respect it is interesting to note that
Leung and Ehlers reported that, in a plasma environment, negative ions are primarily
formed via sputtering of adsorbed hydrogen atoms.33

A controlled study of the negative-ion formation process on a hydrogenated
W(110) surface is presented in Chapter 3. It will be shown that coadsorption of
hydrogen gas results in a similar reduction of the backscattered ion fraction as is
reported here.
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CHAPTER 3

FORMATION OF NEGATIVE HYDROGEN IONS

ON A LAYER OF CESIUM AND HYDROGEN

ADSORBED ON A TUNGSTEN SURFACE

3.1 INTRODUCTION

It is demonstrated in Chapter 2 that the formation of negative hydrogen ions on a
metal surface depends strongly on the involved proton fluence. Similar effects have
been observed in other scattering experiments. Steininger et al. found that the photon
yield measured when keV-protons are scattered from a Cu(llO) surface increases
strongly with increasing fluence.1 This enhancement of excitation was attributed to
resonant transfer of electrons between adsorbate and projectile atoms. Furthermore,
Verbeek et al. suggested that the rather poor reproducibility of their measurements
on the charge state of hydrogen and helium ions scattered from a Au surface was
(partly) due to fluence effects.2

Returning to our experiment, we expect that only hydrogen atoms adsorbed in the
surface region of a metal can influence the charge transfer process. Therefore, the
observed reduction of the ionization probability is believed to be caused by protons
which penetrate the target and subsequently diffuse to the surface. The mechanism
through which the ionization process is influenced is investigated in this chapter. A
controlled study of the ionization probability for hydrogen atoms scattered from a
cesiated W(110) surface with a coadsorbed hydrogen coverage is presented. The
latter is obtained by applying gaseous hydrogen to the surface. The density of both
adsorbates is varied.
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3.2 ADSORPTION OF HYDROGEN ON A TUNGSTEN SURFACE

Several results of others for adsorption of hydrogen gas on a W(l 10) surface are
summarized in this section. The fractional hydrogen coverage is denoted as 9H. The
surface is saturated for 9H=1, in which case nsa( atoms are adsorbed per cm2. It is
generally believed that a hydrogen molecule dissociates upon adsorption on a W(l 10)
surface. The equilibrium coverage on a surface which is placed in a hydrogen gas
with pressure p and temperature T can be derived from the rate equation

d9H/dt =-eH/T+2{27rmkT}-i/2s(eH)p/nsaI (3.1)

The term GH/T describes thermal desorption, where x is the mean residence time of a
particle on the surface. In general, t is a function of 6H. The flux density of incident
molecules is equal to [2JtmkT}*1/2p. The mass of a hydrogen molecule is denoted as
m. Boltzmann's constant is denoted as k. The sticking coefficient s(9H) for incident
molecules can be described as

s(6H) = s0 f(6H) (3.2)

where the sticking coefficient for a clean surface is denoted as s0. The function f(0H)
equals one and zero for a clean (9H=0) and a saturated (9H=1) surface, respectively.
The dependence of 9H on the hydrogen exposure J p dt can be obtained by integration
of the rate equation, once the form of f(9H) is specified. Several experimental resulis
for s0, f(9H) and n ^ are discussed next. They are listed in Table 3.1.

Tamm and Schmidt studied the properties of hydrogen on W(110) in a flash
desorption experiment.3 The temperature of the surface was varied between 78 K and
450 K. A value of 0.07 was reported for the initial sticking coefficient s0. This value is
independent of the temperature of the surface. It is believed to be accurate within a
factor of two. Furthermore, f(9H) was observed to have the form

f(eH) = i - e H (3.3)

This implies that the sticking coefficient s(9H) is proportional to the probability that
an incident molecule finds an adsorption site which does not contain a hydrogen atom.
Finally, Tamm and Schmidt reported that the saturation density n^, at 300 K amounts
to 1.4xlO15 atoms per cm2. This is equal to the surface density of tungsten ions, so that
one hydrogen atom is adsorbed per tungsten ion. The saturation density depends

i
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TABLE 3.1. Several experimental results for adsorption of hydrogen
on a W( 110) surface.

f(eH) nsat Ref.

[-] [1015cnr2]

surface
temperature
[K]

78
300
450
135
280

s

[-]

0.07
0.07
0.07
0.22
0.03

i -e H 1.8 3
i-eC 1.4 3
l - e" 0.9 3
(1-8H)2 1.8 4
i - eH - 5

strongly on the temperature of the surface, as is shown in Table 3.1.
A second flash desorption study of hydrogen on W(l 10) was done by Barford and

Rye.4 The reported values for s0 and nsa[ are reasonably consistent with those of
Tamm and Schmidt. However, f(9H) was observed to have the form

f(9H) = (1 - 0H)2 (3.4)

This suggests a different adsorption mechanism, namely a dissociative adsorption of
incident molecules into two adjacent empty sites.

King and Menzel studied the properties of hydrogen on W(110) with electron
stimulated desorption.5 The obtained adsorption parameters are consistent with those
of Tamm and Schmidt.

For a sticking coefficient of the form (3.3) it is found by integration of the rate
equation that

9H(t) = l-exp[-Kjpdt] (3.5)

with

K = 2{27imkT}-1/2s0/nsat (3.6)

In deriving this result it is assumed that the temperature of the W(110) surface is
sufficiently low to neglect thermal desorption. For a sticking coefficient of the form
(3.4) one finds that

eH(t) = 1 -n+Kjpd t ] - i ( 3 . 7 )
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FIGURE 3.1. The hydrogen coverage 6H on a W(l 10) surface as a function of the exposure. Two
cases are shown :

- Adsorption on a clean surface; solid line: adsorption profile (3.5) with K =1073 P a ' s 1 , dashed
line: adsorption profile (3.7) with K=3372 P a ' s 1 .

• Adsorption on a surface with 0.6 monolayers cesium coverage; solid line: adsorption profile (3.5)
with K = 18 Pa- 's1 .

The adsorption profiles (3.5) and (3.7) are shown in Fig. 3.1 for soequal to 0.07 and
0.22, respectively. These values for the sticking coefficient are taken from Table 3.1.
The temperature of the surface is 300 K. The corresponding saturation density nffl

amounts to 1.4xlO15 atoms per cm2. The hydrogen exposure J p dt is expressed in
Langmuir (L), where 1 L is equivalent to U x l O 4 Pa s.

Barford and Rye also did measurements of the work function <I> of a hydrogenated
W(110) surface.4 These show that <fr decreases proportionally with increasing hydro-
gen coverage. The change of the work function is A4>=-0.48 eV for a density of
1.8xl015 hydrogen atoms per cm2, which coverage was obtained at a temperature of
135 K. Plummer and Bell measured a similar decrease of <J>.6

Next, we discuss coadsorption of cesium and hydrogen. Papageorgopoulos and
Chen reported LEED and work function measurements of coadsorbed layers of
cesium and hydrogen on W(100).7 The arrangement of the two adsorbates was found
to be independent of the sequence of adsorption. It is uniquely determined by the
number of adsorbed atoms of each species. However, the two adsorbates influence the
structure of each other. A cesium layer causes an increase of the binding energy for
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hydrogen atoms. On the other hand, the presence of hydrogen causes a small increase
of the maximum density of cesium particles that can be adsorbed.

Papageorgopoulos and Chen observed that the sticking coefficient for incident
hydrogen molecules depends strongly on the cesium coverage 8Cs. It was seen that
hydrogen does not stick on top of the cesium layer. Those molecules which impinge
onto bare regions of the surface dissociate and form a c(2x2) structure. Some of the
adsorbed cesium particles have to be displaced to the upper layer during the
formation of this structure. This displacement requires an activation energy a9Cs .
The sticking coefficient s*(GH,8Cs) for incident hydrogen molecules can in first order
be expressed as

s*(8H,8Cs) = s(9H) exp [-0.43 a6Cs/kT] (3.8)

where s(9H) is the sticking coefficient for a surface which contains no cesium. The
parameter a is 0.88 eV. The factor 0.43 gives the ratio of cesium and tungsten
particles on a saturated W(100) surface (GCs=l). This ratio is 0.36 for a saturated
W( 110) surface.

It will be shown in Sec. 3.4.1 that in the present study the parameter K is found to
be of the order of 18 P a ' s 1 for a W(l 10) surface with a cesium coverage of 0.6
monolayers. The adsorption profile (3.5) which we obtained using this value for K is
shown in Fig. 3.1.

Measurements on negative-ion formation in which the hydrogen exposure is
varied between 15 L and 3000 L are reported further on. It is deduced from Fig. 3.1
that in this range the hydrogen coverage on a clean W(110) surface has reached a
saturation value. This conclusion is drawn for both possible adsorption profiles (3.5)
and (3.7). On the other hand, the hydrogen coverage on a W(110) surface with a
cesium coverage of 0.6 monolayers varies from 9H=0 to 9H=1 in our range of
exposures. Thus, measurements of the ionization process on a surface which is first
cesiated and subsequently hydrogenated offer the possibility to study the dependence
of this process on the hydrogen coverage 8H.

3.3 EXPERIMENTAL RESULTS

The experimental set-up is described in Sec. 2.3. The primary energy is 400 eV
for all measurements presented here. The W(l 10) target is hydrogenated by filling
the UHV chamber with hydrogen gas to a pressure of 10~3-10~5 Pa. The pressure is
chosen such, that the time which is needed to achieve the intended exposure is of the
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order of a hundred seconds. The pressure is measured with an ionization gauge and
with a quadrupole mass analyzer. These devices are optically shielded from the target,
so that dissociation of hydrogen molecules on their filaments does not influence our
measurements. The reading of the ionization gauge is corrected with a calibration
factor for hydrogen, which is supplied by the manufacturer. The pressures indicated
by the two devices are consistent within 20 %.

10*

FIGURE 3.2. The work function change A<J> of a clean W(l 10) surface as a function of the hydrogen
exposure.

The influence of hydrogen adsorption on the work function of a clean W(l 10)
surface is investigated first. The experimental procedure is as follows. The surface is
thoroughly cleaned by flashing it to a temperature of 2600 K and subsequently
hydrogenated. Then its work function O is measured with the Kelvin probe, and after
flashing the surface <J> is measured again. The work function change A5>, which is
induced by the presence of hydrogen on the surface, is given by the difference
between these two values. Note that a hydrogen contamination of the Kelvin probe has
no influence on A<I>, because this contamination can be assumed to be identical for the
two measurements. The experimental results are shown in Fig. 3.2. Each data point is
an average over at least seven measurements of A<&.

The dependence of the backscattered ion current on the hydrogen exposure is
investigated as follows. The clean W(l 10) surface is cesiated up to the coverage where
this current reaches a maximum, i.e. to roughly 0.6 monolayers. Subsequently, it is
hydrogenated and a series of five measurements of the negative-ion fraction r\H is
done. The reverse sequence of adsorption is also investigated. The target is first
hydrogenated and subsequently cesiated in this case. The cesium dispenser is switched
off once the backscattered ion current has reached its maximum value. Note that the
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FIGURE 3.3. The backscattered negative-ion fraction r\H and the work function change AO as a
function of the hydrogen exposure. The cesium coverage is 0.6 monolayers. Two cases are shown :

- circles : the surface is first cesiated and subsequently hydrogenated.
- triangles : the surface is first hydrogenated and subsequently cesiated.

The angle of incidence is equal to the detection angle, a=p=70°.

cesium coverage is then not necessarily equal to 0.6 monolayers.
The measured ion fraction r)H is shown in the lower part of Fig. 3.3 as a function

of the hydrogen exposure I p dt. The circles refer to a W(l 10) target which is first
cesiated and subsequently hydrogenated. The triangles refer to the reverse sequence
of adsorption. Each data point is an average over at least five series of five
measurements. The work function change A<J>, which is induced by the hydrogen
exposure, is shown in the upper part of Fig. 3.3. This quantity is defined as the work
function of the target relative to the work function of a clean W(110) target with a
cesium coverage of 0.6 monolayers (i.e. 1.45 eV). The work function is measured
after a series of five measurements of the ion fraction has been completed. Each data
point is an average over at least five measurements.
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FIGURE 3.4. The backscattered ion fraction and the work function change as a function of the
hydrogen exposure. The cesium coverage is a full monolayer. For further details see the caption of
Fig. 3.3.

A similar reduction of the ion fraction as in Fig. 2.6 is observed in Fig. 3.3. This
supports our assumption that the reduction in the former figure is related to protons
which penetrate the target and subsequently diffuse to the surface. It is interesting to
notice that the work function hardly changes when hydrogen is adsorbed.

Experimental results for T\H and AO at a cesium coverage of a full monolayer are
shown in Fig. 3.4. In this case the work function change A4> is defined as the work
function of the target relative to the work function of a clean W(l 10) target with a
cesium coverage of a full monolayer (i.e. 2.15 eV).

The dependence of % on the detection angle P is shown in Fig. 3.5 for a cesium
coverage of 0.6 monolayers and in Fig. 3.6 for a coverage of a full monolayer. The
hydrogen exposure is 900 L. This exposure is applied to the target after cesium has
been adsorbed. Each data point is an average over ten measurements. The
backscattered ion fraction for a clean W(l 10) surface, which was presented earlier in
Figs. 2.4 and 2.5, is also shown.
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FIGURE 3.5. The backscattered negative-ion fraction r|H as a function of the detection angle P for a
W( 110) surface with a cesium coverage of 0.6 monolayers. Results for a clean surface (open circles)
and for a hydrogen exposure of 900 L (filled circles) are shown. The angle of incidence is 70°.

We have investigated, for exposures up to 3000 L, if adsorbed hydrogen particles
influence the energy with which protons are scattered from the surface. It is found
that the energy distribution after scattering is rather insensitive to the presence of
hydrogen. The location of the peaks is the same as in Fig. 2.8, which was obtained for
a clean W(l 10) surface.

3.4 DISCUSSION

I

3.4.1 Adsorption of hydrogen

The measurements of the work function 4> of a hydrogenated W(l 10) surface in
Fig. 3.2 show, that A<t> reaches a saturation value of the order of -0.15 eV for
exposures larger than 15 L. This implies that the hydrogen coverage 6H has reached a
saturation value, as was predicted in Sec. 3.2. It is obtained from Table 3.1 that the
saturation coverage at 300 K amounts to 1.4xlO15 atoms per cm2. On the basis of the
data of Barford and Rye one would expect A4> to be equal to -0.35 e V at this coverage
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FIGURE 3.6. The backscattered ion fraction as a function of the detection angle for a W(l 10) surface
with a cesium coverage of a full monolayer. For further details see the caption of Fig. 3.5.

rather than to our value of -0.15 eV.4 The latter shift would correspond to a coverage
of 0.8xl015 atoms per cm2. It is learnt from the work o. Tamm and Schmidt that an
explanation for this discrepancy could be that the temperature of our surface is
elevated to roughly 450 K directly after flash cleaning, when a hydrogen layer is
adsorbed.3 This is, however, of little importance for our further discussion. The
observation that the hydrogen coverage on clean W(110) has reached a saturation
value in our range of exposures is consistent with those measurements in Fig. 3.3,
which refer to a surface that is first hydrogenated and subsequently cesiated. Both the
backscattered ion fraction and the work function are nearly independent of the
hydrogen exposure for values exceeding 15 L.

It is clearly shown in Fig. 3.3 that, in the case of a cesium coverage of 0.6 mono-
layers, the ionization process is seriously influenced by the presence of a sub-
monolayer hydrogen coverage. The backscattered ion fraction r\H is reduced with a
factor of three by an exposure of 3000 L. In contrast to this, the measurements in Fig.
3.4 show that the ionization process on a surface with a cesium coverage of a full
monolayer is hardly affected. The latter is easily understood for a surface which is
first cesiated and subsequently hydrogenated, since in this case very few incident
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hydrogen molecules stick on the surface. Note that hydrogen cannot be adsorbed on
top of a thick cesium layer.7 However, for the reverse sequence of adsorption a
hydrogen coverage of O.8xlO15 atoms per cm2 is expected in our range of exposures,
whereas also in this case the ionization process is unaffected. This apparent
controversy shall be discussed further on.

The data in the lower part of Fig. 3.3, which refer to a surface that is first cesiated
and subsequently hydrogenated, seem to be well correlated with the adsorption
profile for a cesium coverage of 0.6 monolayers in Fig. 3.1. The two curves form a
kind of mirror image of each other. This suggests that the reduction of r| H is
proportional to the hydrogen coverage 9H,

(3.9)

For an adsorption profile of the form (3.5) a plot of ln[tiH(6H)/r|H(0)} against 1 p dt
should thus yield a straight line with slope -K, where the parameter K has been
defined in Eq. (3.6). This plot is shown in Fig. 3.7. A straight line is indeed obtained
for exposures up to 300 L. Deviations occur at higher exposures. For an adsorption
profile of the form (3.7) a plot of 1 -%(0)/T|H(8H) against I p dt should yield a straight
line with slope -K. This straight line is not obtained for our measurements. The
corresponding plot is not shown here. It is concluded that, for exposures up to 300 L,
the reduction of the negative-ion formation probability is proportional to the

100 200
fpdHL]
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FIGURE 3.7. The reduced negative-ion fraction 7 1 H ( 6 H V % ( 0 ) ' plotted on a logarithmic scale, as a
function of the hydrogen exposure. The data of Fig. 3.3 for a W( 110) surface that is first cesiated up
to 0.6 monolayers and subsequently hydrogenated are shown.
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hydrogen coverage, if an adsorption profile of the form (3.5) is assumed. This
implies that each individual hydrogen atom acts as a local "sink" for negative ion
formation.

From Fig. 3.7 a value of 18 Pa''s"' is derived for the parameter K. The associated
adsorption profile (3.5) is shown in Fig. 3.1. In Sec. 3.2, K was calculated to amount
to 1073 Pa's"1 for hydrogen adsorption on a clean W(l 10) surface. The difference
between these two values can be explained with an activation energy cc0Cs - which is
defined in Eq. (3.8) - of 0.11 eV, i.e. with an a of 0.44 eV. Papageorgopoulos and
Chen reported an a of 0.88 eV for a W(100) surface.7

The two curves in the lower part of Fig. 3.3 cross at an exposure of 200 L. We
have already discussed that the hydrogen coverage on a W(l 10) surface, which is first
hydrogenated and subsequently cesiated, reaches a saturation value of 0.8xI0!5 atoms
per cm2 for exposures greater than 15 L. The corresponding surface temperature is
of the order of 450 K. For the reverse sequence of adsorption we assume that the
temperature is 300 K. The motivation for this is, that in the former case the target is
hydrogenated directly after flash cleaning, so that the temperature can in principle be
somewhat elevated, whereas in the latter case the target is first cesiated until a
coverage of 0.6 monolayers has been adsorbed and subsequently hydrogenated.
Consequently, one does not apply hydrogen to the surface before the temperature has
reached a sufficiently low value. The saturation density for a temperature of 300 K
and a cesium coverage of 0.6 monolayers is equal to 1.4xlO15 atoms per cm2 (see
Table 3.1). With Eqs. (3.5), (3.6) and (3.8) the hydrogen density for an exposure of
200 L is then easily calculated to amount to 0.7xl015 atoms per cm2. At the crossing
point a nearly identical hydrogen coverage is thus obtained for the two curves in the
lower part of Fig. 3.3. This suggests that the reduction of the ionization probability is
uniquely determined by the density of adsorbed hydrogen atoms, which is consistent
with the observation of Papageorgopoulos and Chen that the arrangement of cesium
and hydrogen on a W(100) surface depends only on the number of adsorbed atoms of
each species.7 The difference between the two curves in Fig. 3.3 is thus believed to be
due to a difference in sticking coefficient for incident hydrogen molecules.

3.4.2 The ionization probability on a hydrogenated surface

The measurements in the upper part of Fig. 3.3 show that the reduction of the
backscattered ion fraction T)H cannot be explained by a change of the work function O.
This parameter stays roughly constant up to hydrogen exposures of 900 L, where T|H
is already reduced with a factor of two to three. Furthermore, the observation that O
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is insensitive to the presence of hydrogen indicates that these particles are adsorbed as
neutral atoms. A layer of positive or negative ions would certainly give rise to a
pronounced change of <&.

A second possible explanation for the reduction of T|H could be, that the energy of
protons scattered from a hydrogenated W(l 10) surface is significantly different from
the energy for scattering from a clean surface. Note that protons can lose a large
fraction of their energy in collisions with adsorbed hydrogen atoms. However, we
observed that the energy distributions hardly change when hydrogen is applied to the
surface, so that this explanation must also be discarded. The scattering process is
obviously dominated by collisions with tungsten and cesium particles, which suggests
that the adsorbed hydrogen atoms are lying in the shade of the cesium particles. This
is consistent with the observation of Papageorgopoulos and Chen that hydrogen is
adsorbed below the cesium layer.7

Intuitively one would expect that the presence of hydrogen influences the velocity
distribution of the metal electrons, because these are scattered in collisions with
adsorbed atoms. A reduction of the velocity component normal to the surface leads to
a reduction of the electron density in the region outside the metal and consequently,
also the electronic transition frequency between hydrogen projectiles and the metal is
reduced. The latter results in a decrease of the ionization probability. The electron
density inside the metal is not influenced by the scattering process, so that the work
function remains constant. The assumption of a local modification of the velocity
distribution of the metal electrons thus appears to incorporate all characteristic
features observed in our experiment.

Gauyacq and Geerlings investigated this effect in a theoretical study of the
dependence of the transition frequency on the hydrogen coverage.8 We shall briefly
summarize their results. Gauyacq and Geerlings represent the scattering potential by
a one-dimensional, zero-range potential. This delta function is superimposed on the
bottom of the conduction band at some distance from the surface, see Fig. 3.8. Note
that the energy of the metal electrons is then always too high to be captured in a bound
state of the atom. This is consistent with the work of Rogers et al., who showed that
negative ions cannot exist on a metal surface due to electrostatic screening of the core
potential.9 In their computations, Gauyacq and Geerlings take the strength X of the
zero-range potential equal to

(3.10)

where L denotes the scattering length. This parameter has a value of typically one
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times the Bohr radius ao.The saturation density n ^ is taken equal to 1.5xlO14 atoms
per cm2. From a straigthforward quantummechanical analysis of the wave functions
inside and outside the metal it is found that in the region outside the metal the density
of the electrons with an initial wave vector k is reduced with a factor B2,

B2 = { 1 + 2(?L/k-n)2 }-» (3.11)

where n is the normal to the surface. This result is used in determining the width F of
the affinity level with Fermi's Golden Rule. It is reported in Sec. 2.2 that in the case of
a clean W(110) surface with a cesium coverage of 0.6 monolayers F is related to the
atom-metal distance z as,

r=F oexp(-az) (3.12)

with Fo=1.9 eV and a=0.62 ao
-1. Gauyacq and Geerlings found that the parameter Fo

is reduced to Fo=1.2 eV at a hydrogen coverage 8H=0.21, and to Fo=0.35 eV at
0H=O.5O. The decay constant a appeared to be rather insensitive to adsorption of
hydrogen. We conclude from this that Fo decreases, in first approximation, propor-
tionally with increasing hydrogen coverage,

F 0 = 1 . 9 - 3 . i e H [eV] (3.13)

Moreover, also the electronic transition frequency co(z) decreases proportionally with
increasing coverage.

It is derived in Sec. 2.2 that the ionization probability T|H for hydrogen atoms
scattered from a metal surface can be expressed as

TIH = V J<N(z)> co(z) expf-v/i J o^z1) dz'} dz (3.14)
zo z

where Vĵ  denotes the particle velocity normal to the surface and <N(z)> denotes the
stationary ion fraction. The turning point of the particle trajectory is located at z=z0.
In the following we shall investigate how T)H is influenced when ca(z) changes due to
adsorption of hydrogen.

The stationary ion fraction <N(z)> is discussed first. This fraction is determined
by the overlap of the shifted and broadened affinity level and the metal conduction
band, see Eq. (2.8). The position and width of the affinity level are shown in Fig. 3.8a
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FIGURE 3.8. The shift and width of the affinity level as a function of the distance from the surface.
The hydrogen coverage is 8H=0 in Fig. 3.8a and 8H=0.50 in Fig. 3.8b. The drawing is to scale.

for a clean W(110) surface and in Fig. 3.8b for a surface with a hydrogen coverage
0H=0.50. The cesium coverage is 0.6 monolayers. The level shift is calculated with
Eq. (2.1), where the screening lengJi in the metal is taken equal to k.,-^3.2 a0. The
affinity level crosses the Fermi level at an atom-metal distance zc=6.5 a0. As a
consequence, the stationary fraction <N(z)> is greater than 0.5 in the range 0<z<zc

and smaller than 0.5 in the range z>zc. Therefore, a reduction of the level width
causes an increase of <N(z)> in the former range, and a decrease in the latter. We
remark that the influence of the parallel particle velocity, which manifests itself as a
shift of the Fermi sphere in k-space,10 is not taken into account in this discussion.

The dependence of the ionization probability T)H on the transition frequency is
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rather complex. According to Eq. (3.14), T|H is obtained from a convolution of the
stationary ion fraction <N(z)>, the transition frequency co(z) and a function
expi-v^jaiz^dz'}. The latter quantity, which is related to the survival probability
for negative ions present at a distance z from the surface, increases when oo(z) is
reduced. Furthermore, an evaluation of Eq. (3.14) learns that the ionization process
takes place mainly in the range 0<z<zc. A reduction of co(z) leads to an increase of
<N(z)> in this range. The experimentally observed decrease of r\H is caused by the
direct dependence of this quantity on to(z), which is related the formation of negative
ions in the interval dz around the atom-metal distance z. It is remarked that co(z)
decreases more strongly with increasing hydrogen coverage than T|H, SO that the
accompagnying increase of <N(z)> and of exp{-v±-lj(a(z')dz') is essential for inter-
preting our measurements.

Gauyacq and Geerlings calculated % for 400-eV hydrogen atoms scattered from a
W(110) surface with a cesium coverage of 0.6 monolayers and a variable hydrogen
coverage.8 Their results are shown in Fig. 3.9 together with our experimental values
for r|H. The hydrogen coverage 0H for a given exposure is determined with Eq. (3.5),
where the parameter K is taken equal to 18 Pa ' s 1 . Theory and measurements are seen
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FIGURE 3.9. The reduced negative-ion fraction TiH(9H)/nJJ(0) as a function of the hydrogen
coverage 6,,. The data of Fig. 3.3 for a W(l 10) surface that is first cesiated up to 0.6 monolayers and
subsequently hydrogenated are shown. The broken line is the result of a model calculation. The
density at 8H=1 is nsat=1.4x!015 cm"2.
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to be reasonably consistent for hydrogen coverages smaller than 0.5 monolayers. It is
also seen that the calculated curve deviates from a straight line at small coverages.
This is related to the assumption that the scattering potential of the individual hydro-
gen atoms can be represented by a macroscopic, one-dimensional potential. In the
limit of small coverage, this approximation is not correct.

Next, we briefly discuss the difference between a surface with a cesium coverage
of 0.6 monolayers and a surface with a coverage of a full monolayer. The negative-
ion formation process is hardly influenced if hydrogen is adsorbed on the latter
surface, as is shown in Fig. 3.4. We believe that the explanation for this lies in the fact
that the work function is considerably higher for 8Cs=l than for 8Cs=0.6, namely
2.15 eV instead of 1.45 eV. Taking into account that the shift of the affinity level is, in
first approximation, identical for the two surfaces, we conclude that the metal
electrons which are resonant with the affinity level are much closer to the Fermi level
in the case QQS=^ than in the case 8Cs=0.6. Consequently, their wave number Ikl is
larger. Eq. (3.11) shows that the electron density in the region outside the metal is less
reduced in this case. The electronic transition frequency thus stays closer to the initial
value when hydrogen is adsorbed, so that also the ionization process is less influenced.
We remark that Ikl is further increased by the fact that the Fermi energy is higher for
8Cs=l than for 6Cs=0.6, namely 1.95 eV instead of 1.57 eV.1'
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CHAPTER 4

NEUTRALIZATION OF POSITIVE CESIUM IONS

ON A CESIATED TUNGSTEN SURFACE

4.1 INTRODUCTION

The negative-ion formation process on a metal surface depends critically on the
work function of the surface, i.e. on the cesium coverage. It is reported in Chapter 2
that the formation probability on a clean W(l 10) surface has a sharp maximum at a
coverage of 0.6 monolayers. The work function has its minimum value of 1.45 eV at
this coverage.

The cesium coverage of the so-called converter in a negative-ion source (see Fig.
1.2) is sputtered by the incident proton flux. It is ususally replenished via injection of
cesium vapour into the discharge. A fraction of this flux is ionized and subsequently
accelerated by the negative converter potential. The incident ions are partly scattered
from the surface and partly adsorbed. The charge state of the scattered and sputtered
cesium particles plays an important role in the adsorption process, because neutral
atoms flow to the plasma, whereas positive ions cannot overcome the sheath potential
and return to the surface. The neutralization probability for scattered particles is
studied here. The results will be employed in Chapter 5, in which a model for
adsorption of cesium on a converter surface in contact with a plasma is presented.

Some results of others for neutralization of alkali ions on a metal surface are
discussed first. Arifov scattered 150-eV cesium ions from a clean molybdenum
surface.1 The ions impinged along the surface normal. A neutralization probability of
40 % was reported for the scattered particles. The energy after scattering was found
to be only 1 % of the incident energy.

Geerlings and Los scattered 400-eV lithium ions from a cesiated W(l 10) surface.2

Glancing angles of incidence and of detection were investigated. The neutralization
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probability appeared to be directly proportional to the cesium coverage, which
ranged up to 0.1 monolayers. This implies that each adsorbed cesium particle acts as a
local neutralization center for lithium projectiles. Geerlings and Los tentatively
explained their measurements via a model calculation of the electrostatic potential
directly outside the metal. It was found that this potential has local dips in the
neighbourhood of the adsorbed cesium particles which are sufficiently deep to
resonantly neutralize the scattered ions. In view of this dominance of local effects it
was impossible to describe the experimental findings with models in which the metal
is characterized by macroscopic parameters, such as the probability model.3 In
contrast to this, we found in Chapter 2 that this model reasonably describes the
(negative) ionization process for hydrogen atoms.

Taylor and Langmuir studied thermal desorption of cesium from a polycrystalline
tungsten surface.4 Their results were presented as semi-empirical formulas for the
flux density of adsorbed atoms (va) and positive ions (v_), as a function of the cesium
coverage 0Cs and the temperature T. The expressions have the form
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FIGURE 4.1. The ionization probability vy(v ,+vj for cesium desorbing from a polycrystalline
tungsten surface, as a function of the cesium coverage Or. and the corresponding work function 4>.
Results for two different temparatures, T=300 K and T=lO00 K, are shown.
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a.P) = Aa,p-BaiP/T (4.1)

where A and B are tabulated functions of 0Cs. The ionization probability vJ(va+v ), as
calculated with these formulas, is shown in Fig. 4.1 for two values of the temperature.
It is seen that the ionization probability is a strong function of the cesium coverage.
The charge state changes from predominantly positive to completely neutral when 9Cs

is increased from zero to 0.1 monolayers. The work function <£> at this coverage is 3.8
eV. The latter is deduced from measurements of Van Bommel et al., who investigated
the dependence of O on 0Cs for a polycrystalline tungsten surface.5

Measurements on the charge state and energy of cesium ions, which are scattered
from a W(l 10) surface with a variable cesium coverage, are presented further on.
The primary energy ranges from 500 eV to 3000 eV, while the angle of incidence a
and the detection angle P are either a=P=45° or a=P=75°. The measurements are
compared with calculations based on the probability model. It will be shown that also
in the case of cesium local effects significantly influence the neutralization process.

4.2 THE NEUTRALIZATION PROCESS

The ionization of hydrogen atoms scattered from a metal surface is described in
Sec. 2.2 in terms of the probability model.3 In this section we shall apply this model to
neutralization of cesium ions, thus neglecting local effects. In our calculations we
assume that the ionization level and the affinity level are sufficiently far apart to
neglect formation of negative cesium ions. At large atom-metal distance these levels
are 3.89 eV and 0.47 eV below the vacuum level, respectively.

The ionization level shifts upwards due to interaction with its own image charge
and with the image charge of the positive atom core. This is in contrast with the
affinity level, which shifts downwards. The difference is related to our assumption
that the atom core is neutral in the latter case, so that its image charge can be
neglected. The shift AE;(z) of the ionization level is in first approximation given by
the expression6

e 1
AEt(z) = (4.2)

47teo 4(z+ks-i)

where e denotes the electron charge, e0 the dielectric permittivity of vacuum, z the
atom-metal distance, and k,"1 the electrostatic screening length in the metal. Remy
calculated the width F(z) of the ionization level with Fermi's Golden Rule and found
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an exponential z-dependence in the range z>7a0,
7

r(z) = roexp(-az) (4.3)

with ro=1270 eV and a=0.71 a,,*1, respectively. Close to the surface, deviations from
this z-dependence occur. The level width on the surface is F(0)=15 eV.

The ionization probability for stationary atoms is determined by the overlap of the
ionization level and the conduction band of the metal.8 It can be derived in a similar
way as in Sec. 2.2 that the stationary ion fraction <N(z)> is given by the expression

Ei+AE:(z)-O
<N(z)> = 0.5 - it-1 arctan {— • } (4.4)

T(z)/2

where <I> is the work function of the metal and E{ is the ionization energy of cesium.
The evolution of the charge state N(z) of a moving atom, as described with the
probability model,3 results in the following ion fraction at infinity,

oo

•n.Cs = N(z0) exp {-vx-
] j oo(z) dz}

oo oo

+ \1-
1 J<N(z)>(o(z)exp{-v1-' J(0(z')dz'} dz (4.5)

zo z

where vx denotes the particle velocity normal to the surface and (o(z) denotes the
electronic transition frequency, r=(h/2jc)a). The turning point of the particle trajec-
tory is located at z=z0.

An evaluation of Eq. (4.5) shows that <N(z)> is in good approximation a step
function, which is close to unity in the range Ej+AEj(z)<4> and close to zero in the
range Ej+AEj(z)>O. In the following we assume that <N(z)> is a true step function.
Eq. (4.5) can be analytically integrated under this assumption. The result is

riCs = exp{-eo(zc)/av±} - [1-N(zo)] exp{-(0(zo)/av±) (4.6)

where the so-called crossing distance zc gives the position where the ionization level
crosses the Fermi level of the metal, i.e. the distance where Ej+AEj(zc)-O=0. The
second term in Eq. (4.6) is negligible in all cases studied here, due to the high
transition frequency on the surface. The expression for r|Cs thus obtained can also be
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\ derived with the so-called amplitude model.9-10 It is generally believed that the latter
i model gives a more adequate description of the charge transfer process than the
, probability model, especially at the small particle velocities studied here.

The ionization energy for cesium is E—3.9 eV, so that the ionization level does not
cross the Fermi level if the work function O is larger than 3.9 eV. The ion fraction
r|Cs as calculated with Eq. (4.6) is thus equal to one in the range O>3.9 eV. The ion
fraction can be smaller than unity in the range <&<3.9 eV. In the latter range, a
decrease of the work function is equivalent to a decrease of the crossing distance zc.

The velocity of the cesium ions parallel to the surface shall not be taken into
account in our model calculations. This is related to the fact that the particle velocity
is only 5.4x104 m/s at the highest investigated energy of 2000 eV, which is at least an
order of magnitude smaller than the velocity of the metal electrons. Van Wunnik et al.
showed that the charge transfer process is independent of the parallel velocity under

, | this condition.11

4.3 EXPERIMENTAL RESULTS

The experimental set-up is shown in Fig. 2.3. The W(l 10) ribbon in the analyser
I serves to ionize the scattered cesium particles in the experiments described here. All
| particles incident into the detector are reflected as a positive ion, irrespective of their
|: initial charge state. They are post-accelerated by a negative bias potential of 2 kV on
| channeltron CHI. Consequently, a high detection efficiency is ensured and errors due
I to the dependence of the detection efficiency on the charge state or energy of the
t scattered particles are eliminated.12

I The experimental procedure for the measurements of the backscattered ion
fraction T)Cs is as follows. The W(110) target is heated to 2600 K for 10 s. A cesium
layer is adsorbed after the target has cooled to the ambient temperature and a series of
five measurements of T]Cs is done at fixed angles of incidence and of detection. This
operation takes about five minutes. Subsequently, the work function <& is measured
with the Kelvin probe.

The measured ion fraction r\Cs is shown in Fig. 4.2 as a function of <I>. The
primary energy ranges from 500 eV to 2000 eV. The angle of incidence (a) and the
detection angle (P) are fixed, oc=P=75°. In Fig. 4.3 these results are compared with
measurements done at a=P=45°. Each data point in Figs. 4.2 and 4.3 is an average
over three series of five measurements. The scattered beam contains no negative ions.

A similar behaviour as in Fig. 4.1, which was obtained for thermal desorption of
cesium, is observed in Fig. 4.2. The backscattered ion fraction decreases rapidly with

57



1.0

0.8

0.6

0.4

0.2-

Cs'. Cs°

0J V-

o 500 eV
A 1000 eV
.2000 eV

3

$(eVI

FIGURE 4.2. The positive-ion fraction HQ. in a beam of cesium particles scattered from a cesiated
W( 110) surface, as a function of the work Function <J>. Results for three values of the primary energy
(500 eV, 1000 eV and 2000 eV) are shown. The broken line is obtained from a model calculation
done for a primary energy of 1000 eV.

decreasing work function. It drops from unity to zero as & decreases from 5.2 eV to
2.5-3 eV, which is equivalent to an increase of the cesium coverage from zero to
roughly a quarter of a monolayer. The latter is obtained applying the results of
Desplat and Papageorgopoulos,13 which are shown in Fig. 1.3. Their measurements
of the work function of a cesiated W(110) surface can be fitted by the formula

= 5.2-10eCs [eV] (4.7)

in the range 0<6Cs<0.26. The cesium coverage 9Cs is expressed in monolayers. A
coverage of a full monolayer contains 5.5xl014 particles per cm2.

We observed that the ion fraction in the steep parts of the curves in Figs. 4.2 and
4.3 increases systematically with a typical amount Ar)Cs=0.1 while a series of five
measurements of r ^ is being done. This probably is related to sputtering of cesium
from the surface, which leads to an increase of O in our range of coverages. It can be
deduced from Fig. 4.3 that an increase of the work function of 0.1 eV is sufficient to
account for the observed increase Ar|Cs=0.1, which is equivalent to a decrease of the
cesium coverage of 0.01 monolayers. The associated systematic error in our
measurements can be neglected if it is realized that the accuracy of the Kelvin probe is
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FIGURE 4.3. The positive-ion fraction T|c in a beam of cesium particles scattered from a cesiated
W(l 10) surface, as a function of the work function C>. Results for two scattering angles are shown.
The primary energy is 1000 eV. The broken line is an extrapolation of the results to a=0°, which is
discussed in Sec. 4.4.3.

typically 0.05 eV.
The influence of hydrogen coadsorption is investigated in Fig. 4.4, where the

measurements of Fig. 4.2 are compared with results obtained at hydrogen exposures
of 1800 L and 4500 L. This exposure is applied after adsorption of a cesium layer.
Subsequently, the work function O is measured. We found that <& differs less than 0.3
eV from the values measured prior to adsorption of a hydrogen layer. The W(l 10)
surface is probably saturated with hydrogen in our range of exposures, see Fig. 3.1. It
is observed in Fig. 4.4 that the neutralization probability for cesium ions is not
influenced by the presence of hydrogen, which is in strong contrast with the
(negative) ionization probability for scattered hydrogen atoms. It is demonstrated in
Chapter 3 that the latter quantity decreases with roughly a factor of three when a
monolayer of hydrogen is adsorbed.

Some typical energy distributions of the scattered ions are shown in Fig. 4.5. The
target is clean W(l 10). The scattering geometry is specular in all cases. Shown are the
energy distributions for scattering angles of 30°, 60° and 90°. The primary energy is
Ep=500 eV. The location of the peaks does not change when the target is heated to
1600 K, hydrogenated or cesiated. The latter has been checked for cesium coverages
up to 0.2 monolayers. It is concluded from this that the scattering process is domi-
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FIGURE 4.4. The positive-ion fraction ru,. in a beam of cesium particles scattered from a cesiated
W(l 10) surface, as a function of the work function <l>. The surface is covered with a coadsorbed
layer of cesium and hydrogen. The hydrogen exposure is 0 L, 1800 L or 4500 L. The primary energy
islOOOeV. y

nated by collisions with the tungsten lattice in the investigated parameter range. The
distributions in Fig. 4.5 are presented as registered, i.e. they are not corrected with
the analyser function E"1 (see Sec. 2.3). The motivation for this is that only the
location of the peaks is relevant for our discussion. Note that the absence of the E1

correction causes the intensity at small energy to be larger than in Fig. 4.5.

4.4 DISCUSSION

4.4.1 The neutralization probability

The measurements of the backscattered ion fraction in Fig. 4.2 show that this
fraction is within the experimental error independent of the primary energy. As a
consequence, it is independent of the particle velocity parallel and normal to the
surface. At glancing incidence the charge state of the scattered particles is thus
completely determined by the properties of the metal surface. Every incident ion is
scattered as a neutral atom when the work function <& is smaller than 2.5-3 eV.

The backscattered ion fraction as obtained with Eq. (4.6) is represented by the
broken line in Fig. 4.2. The primary energy is taken equal to 1000 eV in the
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FIGURE 4.5. Energy distribution of die scattered cesium ions. The primary energy is E =500 eV.
The energy after scattering for four different particle trajectories (B, BB, ZZ and B2) is indicated.
These trajectories are depicted in Fig. 4.8.

calculation. For simplicity, the screening length ks
l is taken equal to zero. The curves

for primary energies of 500 eV or 2000 eV differ only modestly from the 1000-eV
curve. The calculated ion fraction is seen to be nearly a step function; it decreases
from r|Cs=0.92 to T)Cs=0.01 when the work function is decreased from O=3.5 eV to
<t>=3.3 eV. The latter is equivalent to a shift of the crossing distance from zc=17 ao to
zc=l 1 a0. The transition frequency at these distances is (0=l.lxl013 s 1 and co=6.3xl014

s1 , respectively. Thus, to(zc) increases with more than an order of magnitude when 4>
is decreased with 0.2 eV. The observed sharp decrease of T|Cs is a direct consequence
of the exponential dependence of this parameter on (o(zc), see Eq. (4.6).

On first inspection it appears that Eq. (4.6) reasonably fits the measurements.
However, the data points in Fig. 4.2 lie on a noticeably less steep curve than the
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calculated ion fraction. We have investigated how the transition frequency (o(z) would
have to be modified to make theory and measurements merge. This is done with Eq.
(4.6), which states that the apparent transition frequency is co(zc)/a=-v1ln{riCs}. The
resulting frequency is shown in Fig. 4.6, where the ab initio values calculated by
Remy are also shown.7 It is obvious from this figure that unphysically large transition
frequencies are needed to describe our measurements in terms of the probability
model. Furthermore, the apparent transition frequency does not show the exponential
z-dependence reported by Remy. This discrepancy cannot be solved by a variation of
the screening length ks"', because adjustment of this parameter merely leads to a shift
of the crossing distance zc.

A closer inspection of Fig. 4.2 learns that the measured data lie on a nearly
straight line in the range 3<4><4 eV, which is a characteristic for dominance of local
effects in the neutralization process. These are not taken into account in the
probability model, in which the metal is characterized by macroscopic parameters. A
difference with the measurements of Geerlings and Los,2 who observed local effects
in the neutralization of scattered lithium ions, is that these ions were already
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FIGURE 4.6. The apparent transition frequency (o(z)/a as a function of the crossing distance z and
the corresponding work function O, as determined from the measurements in Fig. 4.2. The broken
line is calculated by Remy.
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neutralized at a work function of 5.2 eV, whereas in our experiment the work
function first has to be decreased to 4 eV.

The latter can be qualitatively understood with the following argument. Geerlings
and Los calculated the electrostatic potential in the neighbourhood of the adsorbed
cesium particles. They found that, in the limit of a small coverage, this potential has
local dips which have a depth of 1.5 eV at a reference distance of 10ao from the
surface. In an energy diagram of the type shown in Fig. 4.7 they manifest themselves
as peaks, which are superimposed on the Fermi level. The position of the ionization
level of lithium and cesium ions at z=10ao is indicated in Fig. 4.7. It is seen that the
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FIGURE 4.7. Energy diagram for cesium and lithium atoms in front of a W(l 10) surface. The
position of the ionization level at a distance of 10 ao from the surface and at infinity is indicated for
both species. At z=10 a0 the conduction band has local peaks of 1.5 eV, which are directly above the
adsorbed cesium particles.

peaks are high enough to cause resonant neutralization of lithium ions; a single
adsorbed cesium particle can neutralize a lithium ion. Note that at the reference
distance the ionization level is above the Fermi level of the metal, so that resonant
neutralization would not be expected if only the work function was considered. The
peaks in Fig. 4.7 are too small to neutralize cesium ions. It is easily deduced that the
latter can occur once the collective effect of the adsorbed particles has decreased the
work function with at least 0.5 eV. The experimentally observed value of 1.2 eV is
consistent with this rough estimate. The 0.7-eV difference is related to the fact that the
peak height decreases with increasing cesium coverage.

Next, we discuss the influence of coadsorption of hydrogen on the neutralization
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process. It is seen in Fig. 4.4 that the ion fraction hardly changes when hydrogen is
adsorbed, which is in strong contrast with measurements on ionization of scattered
hydrogen atoms. It is discussed in Sec. 3.4.2 that the negative-ion formation proba-
bility decreases due to the fact that the electronic transition frequency is reduced by
adsorption of hydrogen. We believe that the present experiment is insensitive to such
a reduction because of the observed dominance of local effects. Scattered ions are
efficiently neutralized at those positions where cesium is adsorbed, which implies that
the process depends only weakly on the electronic properties of the substrate. This is
in contrast with ionization of hydrogen. Negative hydrogen ions are formed as a
result of interaction with the entire conduction band.

4.4.2 The energy distribution of the scattered ions

The energy distributions in Fig. 4.5 are discussed with the help of Fig. 4.8, in
which a number of possible trajectories for cesium ions incident on a W(l 10) surface
is shown. We have no direct information about the azimuthal position of the surface
but there are strong indications that the primary beam impinges along the [111 J
direction. In view of the large radius of cesium ions it is questionable whether the
scattering process can be treated in terms of distinct binary collisions with tungsten
ions. We have found, however, that the energy distributions can be explained at least
partly with single-binary (B), double-binary (BB) and zig-zag (ZZ) collisions. The
corresponding particle trajectories are shown in Fig. 4.8. In the single-binary
collision the projectile is scattered in a single collision with a tungsten ion. In the
double-binary collision it is scattered in a sequence of two binary collisions. The same
applies to the zig-zag collision. However, in the latter case the projectile moves to an
adjacent row of lattice ions in between the two collisions. This type of trajectory was
observed earlier by Von dem Hagen et al. in scattering 250-eV potassium ions from a
W(l 10) surface.14

The energy distributions reveal that the single binary collision is absent at a=75°
and cc=45°. It cannot be judged whether this type of collision is present at a=60°. In
all cases the scattering is clearly dominated by strings of binary collisions, i.e. by the
double-binary and the zig-zag collision. Furthermore, an unidentified peak emerges
in the a=45° distribution. This peak could be attributed to a single-binary collision
with an artificial particle with the mass of two tungsten ions (B2), which suggests a
simultaneous interaction of incident ions with lattice ions in the surface layer and in
the underlying layer. This implies that the surface is distorted during the collision. It
cannot be judged from Fig. 4.5 if collision B2 is also present at a=75° or at a=45°.
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FIGURE 4.8. Three possible trajectories for cesium ions colliding with a W(110) surface. The
drawing is to scale, with dimensions in nm. The diameter of tungsten and cesium ions is 0.14 and
0.34 nm, respectively.

The assumption of a local distortion of die surface at high "normal energy" offers
a (rather qualitative) explanation for the observation in Fig. 4.3, that the measured
ion fraction for small cesium coverages decreases with an amount AT)CS=0.15 when a
is changed from 75° to 45°. We expect that at the latter angle of incidence the position
of the lattice ions is strongly altered during the collision. As a consequence, a cesium
particle interacts with a heavily distorted tungsten surface rather than with a
monocrystalline W(l 10) surface. Measurements of Van Bommel et al. and of Desplat
and Papageorgopoulos suggest that (in the limit of small cesium coverage) this is
accompagnied by a reduction of the work function, which could explain the observed
decrease of T|Cs.

5'13 For instance, the work function of a clean W(110) surface is
<I>=5.2 eV, while the value for a polycrystalline surface is 0=4.55 eV. It is remarked
that a local reduction of the work function cannot be measured with the Kelvin probe,
because this device essentially measures a macroscopic quantity.

4.4.3 Extrapolation to normal angles of incidence

A model for adsorption of cesium on a metal surface in contact with a plasma is
presented in Chapter 5. We remarked earlier that the charge state of scattered or
sputtered cesium particles is an important parameter in this model. In a plasma,
cesium ions impinge along the surface normal, due to the action of the electric field in
the plasma sheath. These angles of incidence cannot be studied in NIOBE because of
experimental constraints. Therefore, we shall extrapolate our results.
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It is deduced from Figs. 4.2 and 4.3 that the observation, that all incident ions are
scattered as neutral atoms when the work function is smaller than 2.5-3 eV, is hardly
influenced by an increase of the "normal energy" E cos2a from 33 eV (at Ep=500 eV
and oc=75°) to 500 eV (at Ep=1000 eV and oc=45°). For the sake of the model in
Chapter 5, in which the primary energy ranges from 100 eV to 600 eV, we infer that
the broken line in Fig. 4.3 gives the ionization probability T|Cs for normally incident
particles. With the help of Eq. (4.7) this line can be fitted by the expressions

r|Cs(eCs) = 0.85 for 0 <9Cs < 0.12
TICS(6CS) = 1.58 - 6.07 GCs for 0.12 <GCs < 0.26 (4.8)
riCs(eCs) = 0 for 0.26 <GCs

which is also used to describe the charge state of sputtered cesium particles. It will be
discussed in Chapter 5 that these desorb from the converter surface with energies up
to roughly 30 eV. The motivation to apply Eq. (4.8) to sputtered particles is related to
the similarity of Figs. 4.2 and 4.1. The ionization probability for thermally desorbed
cesium particles is shown in the latter figure. The observation that the step in Fig. 4.1
occurs at a somewhat smaller coverage than in Fig. 4.2 is neglected.

For the sake of our model we shall also estimate the energy with which normally
incident cesium ion'-- are scattered from the surface. The energy distribution at normal
incidence is probably even more complex than at oc=45°. For normal incidence and
reflection the collision processes recognized in Fig. 4.5 give rise to energy losses of
97 % (B, BB, ZZ) and 78 % (B2). Furthermore, an ion incident along the surface
normal has to undergo at least one collision with a scattering angle of 90° to reflect
from the surface. The associated energy loss is 84 %. These considerations lead to the
conclusion that, at normal incidence, the scattered particles have energies of at most
20 % of the primary energy. We expect that most scattered particles have an energy
which is significantly smaller than this upper limit. The latter is supported by
measurements of Arifov, who found an energy loss of typically 99 % in scattering
normally incident cesium ions from a molybdenum surface.1
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CHAPTER 5

ADSORPTION OF CESIUM

ON A CONVERTER SURFACE

IN CONTACT WITH A PLASMA

5.1 INTRODUCTION

A general experimental conclusion regarding surface-conversion plasma sources
is that a high negative-ion current can be extracted in a pulsed mode of operation, but
that the results in a steady-state mode are far worse.1-2 This observation is usually
attributed to destructive ion bombardment of the converter surface. The cesium
coverage is expected to be (partly) destroyed during the discharge pulse, whereas it is
built up again in between two pulses. Such a sequence of events cannot occur in a
steady-state discharge and the resulting equilibrium coverage is considerably smaller
than 0.6 monolayers, which is the optimum value for negative-ion formation.

A parameter closely related to this behaviour is the charge state with which cesium
arrives at the converter surface. Neutral atoms arrive with a thermal energy, so that
they are trapped with a probability close to unity.3 In contrast to this, posititive ions
are accelerated by the negative converter potential, so that their trapping probability
is considerably smaller than unity. Furthermore, cesium is effectively sputtered by
energetic cesium ions. We therefore expect the ion component of the incident flux to
form a rather negative contribution to the adsorption process.

This view is consistent with measurements of Ishikawa et al.4, who produced
negative copper ions via bombardment of a copper surface with keV cesium ions. The
surface was also exposed to a flux of thermal cesium atoms. It was found by varying
the ratio of the two fluxes that the latter is primarily responsible for maintaining the
coverage. Yntema and Billquist came to a similar conclusion in sputtering other
metallic ion species.5
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A qualitative model of the adsorption process on a converter surface in contact
with a plasma has been presented by Alessi et al. and by Ehlers and Leung.1-2 In these
models it was not taken into account that the charge state of scattered or sputtered
cesium particles depends strongly on the work function of the converter, as we
reported in Chapter 4. The charge state plays an important role in the adsorption
process because positive ions are returned to the surface by the electric field in the
plasma sheath, whereas neutral atoms are lost to the plasma.

In this chapter we present an adsorption model in which this effect is taken into
account. Pulsed as well as steady-state discharges are discussed. It will be shown that
in most sources known to us the loss mechanisms are such, that the cesium coverage is
far from optimum. The model is set up for a W(l 10) surface. The relevance of the
results for other converter materials is discussed.

5.2 THE ADSORPTION PROCESS

A schematic view of the adsorption process is shown in Fig. 5.1. The converter is
covered with 0Cs monolayers of cesium. It is biased at a negative potential Vc with
respect to the plasma. 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
protons. The corresponding flux densities are denoted as <|>Cs a, <)>Cs -t and fyH t,
respectively. The presence of molecular ions (i.e. H2

+ or H3
+ ions) is neglected in our

model. A fraction of all incident cesium particles is trapped, while the remaining
fraction is scattered. Furthermore, adsorbed particles are sputtered by incident
cesium ions and protons, which have been accelerated by the negative converter
potential. Finally, cesium can desorb in the course of a thermal process. There are
thus three 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 action of 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. Two
loops are shown in Fig. 5.1. The neutral component in each loop flows to the plasma.

The evolution of the cesium coverage shall be calculated as follows. The surface is
exposed to the involved fluxes for dt seconds and the loop structure initiated by this
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CONVERTER SURFACE

Ocs.0

FIGURE 5.1. Adsorption of cesium on a metal surface in contact with a hydrogen plasma.

exposure combined with dt seconds of thermal desorption is evaluated. A rate
equation is obtained from a balance of source and sink terms. This equation is derived
in Sec. 5.4. The physical parameters involved in the adsorption process are discussed
first.

5.3 PARAMETERS INVOLVED IN THE ADSORPTION PROCESS

5.3.1 The binding energy of cesium on a tungsten surface

Hansen presented measurements of the binding energy Eb experienced by
particles on a W(l 10) surface.6 These can be fitted by the formula

Eb = 3.37-2.78 8Cs [eV]

cesium

(5.1)

where the cesium coverage 9Cs is expressed in monolayers. We assume that Eb is
independent of a hydrogen contamination of the surface. Eq. (5.1) shall be used in
calculating trapping probabilities and sputter coeficients. The mean residence time x
on the surface is related to Eb as

= Toexp(Eb/kT) (5.2)
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where k and T denote Boltzmann's constant and the temperature of the surface,
respectively. For clean W(110) Lee and Stickney report a value of 6xlCH3 s for the
pre-exponential factor T0.7 The flux density of thermally desorbed particles is, in
general, equal to 6Cs/t.

The cesium coverage varies from zero to a full monolayer in the model presented
further on. It is disputable to take xo as a constant over such a wide range. As a
consequence, Eq. (5.2) cannot be used to describe thermal desorption. We shall use
the semi-empirical formulas of Taylor and Langmuir for desorption from a
polycrystalline tungsten surface,3 which are discussed in Sec. 4.1. It is remarked that
our model is set up for a W(l 10) surface, so that formally these formulas cannot be
applied. This discrepancy is neglected, in view of the fact that thermal desorption will
be shown to be negligible in nearly all cases studied here.

53.2 The trapping probability for cesium incident on a tungsten surface

A particle incident on a metal surface is trapped when the energy after scattering
is smaller than the binding energy on the surface. Hurkmans et al. presented a mode)
with which the corresponding trapping probability can be calculated.8 However, this
model is restricted to systems where the mass ratio of projectile and target atoms is
small with respect to unity. In that case binary impulsive collisions dominate the
scattering process. In reflecting cesium ions from a W(l 10) surface we observed that
both multiple collisions and simultaneous collisions with more than one target atom
can occur. Consequently, the model of Hurkmans et al. cannot be applied.

It is argued in Sec. 4.4.3 that normally incident cesium ions are scattered from a
W(110) surface with energies of at most 20 % of the primary energy Ep. We shall
estimate the trapping probability for these ions using the assumption, that the energy
distribution after scattering is a step function of the type shown in the insert of Fig.
5.2. Those particles which are scattered with an energy smaller than the binding
energy E^ are considered to be trapped, so that the trapping probability P is

P = l forE-S^E,,
p ^ (5.3)

P=5Eb/Ep forEp>5Eb

This result is shown in Fig. 5.2 for two values of the cesium coverage, 9cs=0 anc*
8Cs=l. The associated binding energies are E,,=3.37 eV and Eb=0.59 eV, respectively.
It is remarked that implantation of incident ions is neglected in our model for the
cesium coverage.
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FIGURE 5.2. The trapping probability P for cesium ions incident along the normal of a W(l 10)
surface, as a function of the primary energy E . Results for a clean surface and for a cesium coverage
of a full monolayer are shown. The assumed energy distribution of the scattered panicles is given in
the insert.

5.3.3 Sputtering of cesium from a tungsten surface

Adsorbed cesium particles can be sputtered from the converter surface by incident
cesium or hydrogen ions. The corresponding sputter coefficient Y, which is defined
as the number of desorbed particles per incident ion, is calculated here with a model
presented by Bohdansky.9 This model describes the sputtering process in the case of
normal incidence on a one-component target. A cesiated tungsten surface can be
treated as a one-component target because the relative mass difference between
cesium and tungsten is so small, that efficient energy exchange between these species
is ensured. The sputter coefficient for projectiles with mass m , atomic number Z
and energy Ep bombarding a target of atoms with mass m,, atomic number Zt and
binding energy I^ is, according to Bohdansky,

3.56 nip

nip+m,
a*sn(e) (5.4)

in the range Ep>Eth. The sputter coefficient is zero in the range Ep<Eth. The
parameter a* is an energy-independent function of the ratio n^/m,, which is 0.25 for
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cesium ions and 0.15 for protons incident on a cesiated W(l 10) target.9 The reduced
energy e is defined as

m, En
e = 0.0325 - p- — — (5.5)

Z ^ ( Z ^ 3 Z M ) i / 2

The nuclear stopping power is denoted as sn. This quantity can be calculated with the
analytical approximation of Matsunami et al.10 The threshold energy for sputtering is
denoted as E^,11

E»=^V formp<0.3mt

(5.6)

£,„ = 8E,,, (-™e-)2/5 f o r „, > 0.3 m,
mt

with

^ (5.7.

All energies in Eqs. (5.4)-(5.7) are expressed in eV.
The sputter coefficients YCs and YH are shown in Fig. 5.3 as a function of the

projectile energy. These coefficients describe the sputtering of cesium by incident
cesium ions and protons, respectively. The binding energy is taken equal to 2 eV,
which is equivalent to a cesium coverage of 0.5 monolayers. It is questionable
whether the parameters mt and Zj should be related to a cesium or to a tungsten target.
Therefore, two possible curves for YCs and YH are shown. The curves for YCs merge.
Especially near threshold a change in target parameters gives rise to a considerable
deviation in YH, which originates mainly from a change of the threshold energy E^.
A detailed analysis of the sputter process near threshold should thus provide the best
choice for n^ and Zt. We will, however, avoid a complicated argument and relate
these parameters to a cesium target.

An indication of the energy of the sputtered particles is required for our model of
the cesium coverage. Adsorbed particles are sputtered as a result of a linear collision
cascade in the target in the high-energy regime E^E^. Bohdansky has shown that in
this regime the sputtered particles have energies up to ten times the binding energy
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FIGURE 5.3. The sputter coefficients YCs and Yu for cesium ions and protons, respectively, incident
along the normal of a cesiated W(l 10) surface. The primary energy E is along the horizontal axis.
See text for details.

Eb .n Particles are sputtered in a more or less direct collision with a projectile in the
near-threshold regime. At Ep=Eth a projectile can, by definition, transfer an energy
of just one time the binding energy Eb. At higher energies it can transfer an amount
(Ep/E^E^ The maximum energy transfer is 10 Eb if it is assumed that direct knock-
offs dominate up to incident energies of ten times E^. Consequently, it is reasonable
to assume that for all projectile energies the maximum energy of the sputtered
particles is roughly 10 Eb which is of the order of 30 eV. The latter is deduced from
Eq. (5.1).

5.4 THE RATE EQUATION FOR THE CESIUM COVERAGE

The rate equation for the cesium coverage on the converter surface is derived in
this section. The converter potential Vc is varied from Vc=-100 V to Vc=-600 V. The
converter area is denoted as S.

Thermal cesium atoms arrive at the surface with the energy with which they were
injected into the discharge chamber, i.e. with typically 0.05 eV. This energy is
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considerably smaller than the binding energy Eb and the threshold energy for
sputtering E^. Therefore, these atoms do not sputter and <j)Cs aSdt of them are
adsorbed in dt seconds.

Primary cesium ions arrive at the surface with an energy of 1VCI eV. A fraction
P(Vc,9Cs)^)Cs j is trapped. The remaining fraction [1- PCV^B^I^Q. S is assumed to be
scattered. These particles have energies up to O.2IVCI eV. A fraction T]Cs(8Cs) is
positively charged and returns to the converter surface. In view of the large enegry
loss in the first impact, we assume that all returning ions are trapped. This assumption
is certainly justified in the case of a small converter potential. It introduces a
systematic error at higher converter potentials, which is discussed further on. It is
deduced from Fig. 4.3 that the sputter coefficient for returning ions is considerably
smaller than for primary ions, due to their smaller energy. For instance, YCs is at
least reduced with a factor of five at Vc=-600 V, and is essentially zero at Vc=-100 V.
Therefore, returning ions are assumed not to sputter other particles from the surface.
This leads to the conclusion that {P(Vc,OCs)+nCs(eCs)[l-P(Vc,eG)]}0CsiSdt incident
cesium ions are adsorbed after dt seconds of exposure.

The primary cesium ions and protons sputter {YCs(Vc,0Cs)(|)Csi+YH(Vc,0Cs)<J)Hl}
8CsSdt adson i cesium particles in dt seconds. A fraction TiCs(9cs) desorbs as a
positive ion and returns to the surface. These ions have energies of at most 10 Eb,
which is of the order of 30 eV. This is only just above the 8Eb threshold energy for
sputtering, so that the returning ions can in good approximation be assumed to be all
trapped without sputtering other particles from the surface. Thus, U-T|Cs(6Cs)}
{Yc^V^ecsJ^j+YHCV^G^tfi^jecsSdt adsorbed particles are effectively lost after
dt seconds of sputtering.

Thermal processes lead to the desorption of va(8Cs,T)Sdt neutral atoms and
vp(9Cs,T)Sdt positive ions. Their energy is sufficiently small to conclude that the
returning ion component is trapped without sputtering other particles. The neutral
component flows to the plasma.

Balancing source and sink terms in the adsorption process, we arrive at the
following rate equation for the cesium coverage 9^.,

11 -P(Vc,8Cs)

C A S * I U » 3 & (5.8)

The maximum density of cesium atoms, i.e. the density at 9Cs=l, is denoted as n a .
This quantity amounts to 5.5xlO14 per cm2 in the case of a W(l 10) surface at room



temperature.12 Before evaluating the rate equation we shall examine some of the
assumptions on which our model is based.

It is assumed that those primary cesium ions, which are scattered as a positive ion,
are trapped after returning to the surface. As remarked, this neglect of higher-order
loops is disputable at high values of the converter potential. However, it does not
introduce any error for cesium coverages in excess of a quarter of a monolayer. The
ionization probability TlCs(8Cs) for scattered or sputtered particles is zero in this
range, see Eq. (4.8). As a consequence, not even a single return loop can develop. A
similar conclusion is obtained in the (hypothetical) case T|Cs(GCs)= 1. Every scattered
or sputtered particle is ionized in this case, so that higher-order loops cannot give rise
to additional losses of neutral atoms. We expect the maximum error to occur for
r|Cs(8Cs)=0.5 (which is equivalent to 6Cs=0.18), combined with the maximum
converter potential Vc=-600 V. A correct evaluation of this particular case shows that
0.3(}>Cs jSdt incident cesium ions are adsorbed instead of the amount 0.5<J>Cs jSdt, which
is assumed in our model. This maximum overestimate of 40 % decreases rapidly with
decreasing IVCI.

The trapping probability is discussed next. This parameter is calculated in Sec.
5.3.2 in a rather crude way. In deriving the rate equation we basically assumed that (i)
every incident thermal atom is trapped, (ii) a small fraction of the incident ions is
trapped and (iii) every scattered, sputtered or thermally desorbed ion is trapped upon
returning to the surface. These assumptions do not require a more evolved calculation
of the trapping probability.

5.5 EVALUATION OF THE RATE EQUATION

The cesium coverage 9Cs cannot be solved analytically from Eq. (5.8). This is
mainly due to the rather complex 8Cs-dependence (via the binding energy Ej,) of the
sputter coefficients YCs and YH and the trapping probability P. Before presenting
numerical solutions we discuss a simplified case in which this dependence is neglected.
The discussion is restricted to cesium coverages larger than a quarter of a monolayer.
The ionization probability T|Cs(8Cs) f° r scatttered and sputtered cesium particles is
zero in this range, see Eq. (4.8). Furthermore, we assume that the temperature of the
converter is sufficiently low to neglect thermal desorption. The rate equation can
under these conditions be written as

d8Cs/dt={<8Cs>-eCs)/xCs (5.9)
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with

TCs = — (5.10)

and

YCs(Vc)$CSii+YH(Vc)(t>H>i

where i C s is a time constant and <QCs> denotes the dynamic equilibrium cesium
coverage, i.e. the solution of the rate equation in the case d0Cs/dt=O. The general
solution of Eq. (5.9) is

ecs(t) - ecs(°) exp(-t/TCs) + <8Cs> {1 -exp(-t/xCs)} (5.12)

The first term describes the decay of the initial coverage 8Cs(0). The second term
describes the formation of a stationary coverage <0Cs

>-
It is seen in Eq. (5.11) that the stationary cesium coverage increases with

increasing flux density of neutral atoms <J>Cs,a- ^ contrast to this, the coverage is
essentially reduced by the presence of cesium ions. Note that the trapping probability
P(VC) is always smaller than 0.13 for IVcl>100 V, whereas the sputter coefficient YCs

is larger than unity. This implies that <6Cs> decreases with increasing flux density of
cesium ions <|)Cs;. The reason for this phenomenon lies in our assumption that all
scattered or sputtered particles leave the surface as neutral atoms, so that a return loop
of cesium ions cannot develop. Only a small fraction of the incident ions is adsorbed,
whereas every particle sputtered by these ions flows to the plasma. It is concluded that
an initial coverage larger than a quarter of a monolayer is unstable, unless the incident
cesium flux contains enough neutral atoms.

The time evolution of unstable coverages is described by Eq. (5.12). We shall
investigate this expression for the reference case of a proton current of 100 mA/cm2

incident on a converter surface which is biased at -200 V. The corresponding proton
flux density is <|)Hi=6.3xl017 cnr2 s*1. The flux density of incident cesium ions is
assumed to be two orders of magnitude smaller, <)>Cs —6.3x1015 cnr2 s 1 . This is
equivalent to a supply of the order of 5 mg per cm2 converter area in one hour. Under
these conditions we calculate for the stationary cesium coverage <9Cs> a value of 0.03
monolayers. The time constant xCs is 56 ms. It is determined with Eq. (5.12) that an
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initial coverage of a full monolayer is reduced to a quarter of a monolayer in roughly
80 ms. The evolution of the coverage below this value cannot be investigated with Eq.
(5.12), because this expression was derived under the condition that the ionization
probability T|Cs(9Cs) is equal to zero. This parameter differs from zero for cesium
coverages smaller than a quarter of a monolayer, which implies that a return loop of
ions can develop in this range. The returning ions counteract the decrease of the
cesium coverage, so that the achieved equilibrium is larger than the value calculated
with Eq. (5.11). We conclude that Eq. (5.11) describes the apparent equilibrium
coverage, i.e. the stationary situation which seems to be established as long as 9Cs(t) is
larger than a quarter of a monolayer. The true equilibrium coverage can be obtained
from a (numerical) solution of the untruncated rate equation (5.8).

FIGURE 5.4. The stationary cesium coverage <nCs> as a function of the normalized cesium flux
density, for a degree of ionization \ of this flux ranging from zero to one. The converter potential is
Vc=-200 V.

The result of this computation is presented in Fig. 5.4. Shown is the stationary
cesium coverage <0Cs> as a function of the total incident flux density (j)Cs a+<t>Cs r The
latter parameter is normalized with respect to the proton flux density (}>H i- The degree
of ionization ^ of the cesium flux,

toj (5.13)
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is varied from one to zero. Thermal desorption is neglected. The dependence of
<9Cs> on the converter potential Vc is shown in Fig. 5.5.

It is seen in Figs. 5.4 and 5.5 that a high coverage can only be maintained if the
incident flux contains enough neutral cesium atoms. The equilibrium coverage is of
the order of 0.2 monolayers if <S>Cs a is zero, irrespective of the magnitude of tyCs,. The
degree of ionization t, of the incident flux is thus an essential parameter in the ad-
sorption process. This quantity is investigated in Sec. 5.6. Furthermore, it is observed
in Fig. 5.5 that the stationary coverage decreases with increasing converter potential.
This is due to an enhancement of sputtering with increasing projectile energy.

FIGURE 5.5. The stationary cesium coverage <T|cs> a s a function of the converter potential Vt., for a
degree of ionization ^ of the incident flux from zero to one. The normalized cesium flux density is
taken equal to 10"3.

The influence of thermal desorption is shown in Fig. 5.6, where <8cs> ' s plotted
as a function of the temperature of the converter. The proton current is taken equal to
500 mA/cm2. The normalized cesium flux {<t>cs,a+(t>Cs,î (!)H,i amounts to lO-5. It is
obvious from Fig. 5.6 that thermal desorption is negligible for temperatures smaller
than 600 K. At higher temperatures it results in a significant reduction of <9Cs> only
in those cases, in which a large coverage can be maintained at room temperature. This
is related to the fact that va(9Cs,T) decreases extremely rapidly with decreasing
cesium coverage.3 In turn, this is caused by a rapid decrease of the binding energy.
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FIGURE 5.6. The stationary cesium coverage <HCs> as a function of the temperature T of the
converter, for a degree of ionization % of the incident flux ranging from zero to one. The converter
potential is Vc=-200 V.

5.6. THE DEGREE OF IONIZATION OF THE CESIUM FLUX

The cesium particles arriving at the converter surface can either originate directly
from the cesium inlet, or from the background density in the plasma. The latter group
is expected to contain only ions. The charge state of the former group is discussed
here. The most important ionizing and neutralizing collisions for cesium particles
travelling through a hydrogen plasma are

(5.14a)
(5.14b)
(5.14c)
(5.14d)
(5.14e)

Freeman and Jones13 calculated the cross section a for ionization by electron impact
(5.14a) and proton impact (5.14b) using Gryzinski's expression14. Their results show
that the first process is dominant for thermal cesium atoms. Furthermore, the
neutralizing reactions (5.14c)-(5.14e) have a negligibly small cross section. The
calculated ovc for ionization by electron impact is given in Fig. 5.7 as a function of the

Cs°
Cs°
Cs°
Cs+
Cs+

+ e -
+ H+ -
+ H+ -
+ e -
+ H° -

» Cs + + 2e

> Cs+ + H+

> Cs+ + H°
> Cs°
> Cs°+H+
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FIGURE 5.7. The cross section o for ionization of cesium atoms by electron impact. The curves
show av as a function of the electron energy Ee (solid line) and ave averaged over a Maxwellian
velocity distribution with temperature Te, as a function of Te (broken line). The electron velocity is
denoted as v_.

electron energy Ee, where ve denotes the electron velocity. This curve is reasonably
consistent with experimental data presented by Bamett et al.15

The electrons in a plasma have a distribution of velocities f(ve) so that we are
interested in the rate coefficient «xve>,

= Jo(ve)vef(ve)dve (5.15)

rather than in cve. This coefficient is shown in Fig. 5.7 for a Maxwellian distribution
of electron velocities, characterized by a temperature Te. The mean free path for
ionization X encountered by a cesium atom with velocity vCs is

vCs

ne«jve>
(5.16)

where ne denotes the electron density. The calculated mean free path for 0.05-eV
cesium atoms is shown in Fig. 5.8 as a function of Te.

The assumption of a Maxwellian distribution of electron velocities :s rather
questionable. Many authors, for instance Goede et al.,16 reported the presence of a
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FIGURE 5.8. The mean free path for ionization of 0.05-eV cesium atoms in a hydrogen plasma, as a
function of the electron temperature T . The energy distribution of the electrons is either purely
Maxwellian with temperature Te (solid lines) or 90 % Maxwellian (broken lines). The labels give the
plasma density in cnA See text for details.

significant non-Maxwellian tail in the distribution. The electrons in this tail have a
pronounced influence on <ave>, because ave increases strongly with ve. The order of
magnitude of this effect is calculated here for a situation, in which 10 % of the plasma
electrons are in a non-Maxwellian distribution between 20 eV and 100 eV. The
precise shape of the distribution is irrelevant, because ove is essentially energy-
independent in this range. The resulting mean free path for ionization by electron
impact is shown in Fig. 5.8. Especially at low temperatures this quantity is seen to be
reduced, as expected.

The plasma density and temperature in a typical negative-ion source are 1O12-1O13

cm'3 and a few eV, respectively.17'19 Cesium vapour is usually supplied through an
aperture, which is located at a distance of a few cm from the converter surface. It is
concluded from Fig. 5.8 that the resulting cesium flux at the surface contains
practically only ions.
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5.7 DISCUSSION

The central result obtained in this investigation is that the stationary cesium
coverage on a W(l 10) converter surface in contact with a hydrogen plasma is always
smaller than a quarter of a monolayer if the incident cesium flux is highly ionized.
This is a direct consequence of the dependence of the ionization probability T|cs(6cs)
for scattered or sputtered cesium particles on the cesium coverage 8Cs. The ionization
probability is equal to zero for coverages larger than a quarter of a monolayer. All
scattered or sputtered cesium particles leave the surface as neutral atoms in this range.
As a consequence, they all flow to the plasma. The ionization probability differs from
zero for coverages smaller than a quarter of a monolayer, so that a return loop of
scattered and sputtered ions can develop in this range. The latter results in the
formation of a stable cesium coverage. It is remarked that the precise value of the
stationary coverage, as calculated with our model, is influenced by possible errors
made in determining the various parameters involved in the adsorption process.
However, the important result that 9Cs is smaller than a quarter of a monolayer is not
influenced by these errors.

Our model for the cesium coverage is set up for a W(l 10) surface. The relevance
of the results for converters made from a different material is discussed next. It is
discussed in Sec. 4.4 that the ionization probability for cesium particles scattered or
sputtered from a W(l 10) surface is zero when the work function 4> is smaller than
2.6 eV. The charge state is primarily determined by the density of adsorbed cesium
particles, which amounts to 1.4xlO14 cm"2 at O=2.6 eV. One thus expects the ioniza-
tion probability to be zero when this coverage is present on any metal surface. The
corresponding work function depends slightly on the properties of the metal in
question, but in first approximation it is reasonable to assume that it is of the order of
2.6 eV. This implies that the work function of any metal surface cannot be decreased
below this value by adsorption of cesium, if the incident flux is highly ionized.

It is discussed in Sec. 5.6 that, in an intense discharge, the customary supply
mechanism results in an incident cesium flux which contains practically only ions.
The stationary work function of the converter is thus never smaller than 2.6 eV.,
which is considerably higher than the minimum work function for any tungsten or
molybdenum crystal face.12-20-22 As a consequence, the negative-ion formation
probability on the surface is far from optimum. For in-':,nce, for a W(l 10) surface
the formation probability at O=2.6 eV (i.e. 9Cs=0.25) is 0.4 times the optimum value.
Note that the stationary coverage in Figs. 5.4 and 5.5 is in some cases even smaller
than a quarter of a monolayer.

84



A high cesium coverage can be maintained if enough thermal atoms arrive at the
converter surface. In a pulsed mode of operation of the source this is the situation in
between the discharge pulses. The incident cesium flux is highly ionized during the
discharge pulse, which results in a reduction of the coverage. We estimated in Sec. 5.5 i
that an equilibrium coverage smaller than a quarter of a monolayer is reached on a
typical time scale of 80 ms. This order-of-magnitude estimate is consistent with :
experimental findings of Alessi et. al.1, who observed that the negative-ion current
extracted from a pulsed discharge decreases from 48 mA/cm2 to 8 mA/cm2 when the
pulse length is increased from 10 ms to 200 ms.

It is observed in Fig. 5.5 that a small converter potential is favourable for
maintaining a high cesium coverage, provided the incident flux contains enough
neutral atoms. We remark that it cannot be concluded from this that a small potential
is also favourable for the entire negative-ion formation process. Negative ions are
generally believed to be formed via sputtering of adsorbed atoms by incident protons
or cesium ions. The corresponding sputter coefficient increases with increasing
particle energy, so that a high converter potential is favourable for this aspect of the
negative-ion formation process. This subject shall be discussed further in Chapter 6.

Alessi et al. described a new mechanism to inject cesium into the discharge.1

Liquid or gaseous cesium was forced to diffuse through the converter, which was
made from porous tungsten or molybdenum for this purpose. This way, the flux
arriving at the surface was expected to consist preferentially of neutral atoms. Alessi
ct al. successfully employed a porous converter in a feasibility study. We shall
investigate its behaviour under discharge conditions in Chapter 6.

Finally, we remark that one should be cautious in interpreting results obtained on
conversion experiments with a low plasma density, such as the ones described by '
Leung and Ehlers24 or by Van Bommel et al.25. The plasma density is smaller than
10u cm3 in these experiments, so that the incident cesium flux is hardly ionized. As a
consequence, a high coverage can be maintained. It is questionable if the negative-ion |
currents extracted under these conditions can be scaled up to experiments with a
higher plasma density.
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CHAPTER 6

CHARGE CONVERSION OF HYDROGEN IONS

IN A PLASMA ENVIRONMENT

6.1 INTRODUCTION

During the last decade there has been a considerable effort in the formation of
intense beams of negative ions via surface conversion. One of the first experiments of
this type was done by Belchenko et al., who extracted a beam of negative hydrogen
ions from a magnetron source.1 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 all present experiments
the negative ions are produced on an isolated electrode, the so-called converter (see
Fig. 1.2). Its work function is usually reduced via adsorption of cesium.

The converter is biased at a negative potential Vc 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 protons or cesium ions. The scattered and sputtered
particles can be ionized via charge exchange with the metal. Negative ions thus
formed are accelerated across the plasma sheath and subsequently "self-extracted"
through an aperture. We remark that the ionization process is operative over a
distance of a few times the Bohr radius a0, which is small with respect to the sheath
thickness. The latter is typically a few fim in an intense discharge. Therefore, the
particle velocity hardly changes while negative ions are being formed.

Several results of others regarding the so-called conversion efficiency of negative
hydrogen ion sources are shown in Table 6.1. This parameter, which we denote as
T|H*, is defined as the extracted negative-ion current divided by the positive-ion
current drawn by the converter. In other words, it gives the effective number of
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TABLE 6.1. The (optimum) converter potential Vc,
the current density Jc drawn by the converter, and the
conversion efficiency TiH* in a number of negative-
ion sources.

Vc Jc TIH* Ref.

[V] [mA/cm2] %

-160 100 5.5 2
-150 173 5.0 3
-125 320 3.8 4
-130 48 4.0 5
-210 71 2.5 6

negative ions formed per incident positive ion. The plasma is produced with a
multicusp source in all Refs. shown in Table 6.1 except in Ref. 4, in which a hollow-
cathode discharge is used. Furthermore, the converter is made from polycrystalline
molybdenum and cesiated via vapour deposition in all cases except in Ref. 3. A
converter made from porous molybdenum, with cesium flowing through it, is used in
this experiment. It is seen in Table 6.1 that T)H* varies from 2.5 % to 5.5 %. The
optimum converter potential is between -100 V and -200 V.

Insight in 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 vapour deposition.7 Van
Bommel et al. did a similar study using different converter materials, monocrystal-
line as well as polycrystalline.8 It was found in both studies that the distribution has a
dominant peak at an energy of roughly IVCI 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 formed via sputtering of adsorbed atoms. Negative ions
formed via scattering would leave the source with an energy of roughly 2IVCI eV, in
particular when the converter is made from a heavy element.

The abundance of sputtered particles in the extracted beam is related to the applied
geometry in the extraction region. The extraction aperture is usually placed in a plane
parallel to the converter surface, so that only those particles that move 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" with an
amount IVCI eV. The reduction is higher at a smaller initial energy, which leads to the
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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 paiticles to the negative-ion yield.9

An intriguing question is whether the extracted negative ions have been sputtered
by incident hydrogen or cesium ions. Intuitively one would expect that hydrogen is
the primary sputtering agent, in view of the greater abundance. However, for hydro-
gen atoms sputtered by protons we expect an energy of the order of the projectile
energy (i.e. IVCI eV), provided they desorb as a result of a direct knock-off rather than
in the course of a collision cascade. Negative ions thus formed would leave the source
with an energy of roughly 2IVCI eV, which is in contrast with the observations of
Leung and Ehlers and of Van Bommel et al.7-8 Therefore, sputtering by protons
appears to contribute only marginally to the formation of a negative-ion beam. A
more significant contribution is expected from sputtering by cesium ions. This is
related to the less efficient energy transfer between these species.

The conversion efficiency for hydrogen sputtered by cesium ions has been studied
by Lopes et al.10 The target, which was made from polycrystalline molybdenum, was
hydrogenated via exposure to hydrogen gas. The energy of the cesium ion beam was
varied from 250 eV to 750 eV. It was found that the (initial) energy of the hydrogen
atoms was always smaller than 3 % of the primary energy of the cesium ions. Seidl
and Pargellis reported earlier that the distribution has a peak at 1.3 % of the primary
energy.11 These values are consistent with elementary calculations on energy transfer
between hydrogen and cesium, which leads to the conclusion that the atoms are
sputtered in direct knock-offs with projectiles. Furthermore, Lopes et al. observed
that the negative-ion current increases strongly with increasing primary energy. For
their smallest primary energy of 250 eV they reported a maximum negative-ion
current of the order of 5 % of the incident cesium current. A comparison with Table
6.1 shows this ratio is too small to explain the conversion efficiencies obtained in a
plasma environment, where it is taken into account that the cesium ion current is only
a (small) fraction of the total current drawn by the converter. However, the particle
energies measured by Lopes et al. and by Seidl and Pargellis are remarkably
consistent with the observed energy spread in negative-ion sources.10

We conclude that it is not yet understood which mechanism leads to the desorption
of low-energy hydrogen atoms from the converter surface. This subject is studied
here for the case of a porous tungsten converter, with liquid cesium diffusing through
it. The plasma is produced with a hollow-cathode discharge. It is expected that a high
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cesium coverage can be maintained with this approach, while the cesium density in the
plasma is negligibly small. Consequently, negative ions are primarily formed via
sputtering by incident protons (or possibly via scattering). A comparison of our
results with the values in Table 6.1 shall reveal the role of this ionization mechanism
in cesium seeded hydrogen discharges.

6.2 FORMATION AND NEUTRALIZATION OF NEGATIVE IONS

In a plasma source, sputtered and scattered hydrogen atoms move away from the
converter surface with initial energies ranging from a few eV to a few hundred eV. In
this section we shall investigate how the ionization probability varies in this range.
The measurements of the negative-ion formation process presented in Chapter 2 are
used in the calculations. These were obtained in scattering protons from a thoroughly
cleaned, cesiated W(110) surface, at a primary energy from 50 eV to 3000 eV. We
found that the ionization probability T|H can be expressed as12

T|H = v x
] J<N(z)xo(z)exp{-v1-1 J(o(z')dz'}dz (6.1)

where <N(z)> is the ionization probability for stationary atoms, co(z) is the electronic
transition frequency between the atom and the metal, and v± is the particle velocity
normal to the surface. The starting point of the trajectory of the scattered or sputtered
particles is located at z=zo. In the case of a W(l 10) surface with a cesium coverage of
0.6 monolayers, co is related to the atom-metal distance z as (see Sec. 2.2)

© = co0 exp (-az) (6.2)

with oo0=2.9xl015 s 1 and a=0.62 ao~'. It is reported in Chapter 3 that, for hydrogen
coverages smaller than 0.5 monolayers, (O0 decreases approximately proportionally
with increasing coverage 9H,

0)0(eH)/2.9xl015 = 1 - 1.68H (6.3)

where 0H is expressed in monolayers. A coverage of a full monolayer contains
1.5xl014 atoms per cm2.

The equilibrium charge state <N(z)> is determined by the overlap of the affinity
level of the atom and the metal conduction band, see Eq. (2.8). In the calculation it has
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FIGURE 6.1. The stationary ion fraction <N(z)> as a function of the atom-metal distance z, for a
clean W(110) surface and a W(110) surface with a hydrogen coverage of 0.5 monolayers. The
cesium coverage is 0.6 monolayers.

to be taken into account that the affinity level is shifted to a lower energy as the atom
approaches the suiface. This is caused by attractive interaction with image charges in
the metal. The shift AEa(z) can be expressed as13

AEa(z) =
1

4(z+k-1
(6.4)

where e is the electron charge, eo is the dielectric permittivity of vacuum, and k^1 is
the electrostatic screening length in the metal. This parameter has a value ks '=3.2 a0

for a W(l 10) surface with a cesium coverage of 0.6 monolayers. The work function
corresponding to this coverage is <&=1.45 eV. The affinity level crosses the Fermi
level of the metal at the distance z=zc where <I>=Ea+AEa(zc). The affinity energy is
denoted as Ea. For hydrogen atoms (Ea=0.75 eV) scattered from a W(l 10) surface
with a cesium coverage of 0.6 monolayers we obtain zc=6.5 a0.

The calculated occupation number <N(z)> is shown in Fig. 6.1 as a function of the
atom-metal distance z for a clean and for a hydrogenated W(l 10) surface. The cesium
coverage is 0.6 monolayers in both cases. A reduction of the electronic transition
frequency (i.e. of the level width) leads to an increase of the overlap of the affinity
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level and the conduction band in the range z<zc, and to a decrease in the range z>zc.
Consequently, <N(z)> increases in the range z<zc and decreases in the range z>zc

when hydrogen is adsorbed. However, the differences between the two curves in Fig.
6.1 are rather modest. In both cases the ion fraction is nearly a step function from
unity to zero. Eq. (6.1) can be analytically integrated when it is assumed that <N(z)>
is a true step function. The result is

T|H = exp{-co(zc)/avJ - exp{-(0(zo)/avi (6.5)

where we remark that ©(zj cannot be calculated with Eq. (6.2). This is related to the
fact that Eq. (6.2) is only valid for atom-metal distances larger than 3a0, whereas z0 is
of the order of one times a0 (see Sec. 2.5.1). Fig. 2.2 shows that the transition fre-
quency at this distance is approximately l.lxlO15 s'1 in the case of a clean surface. It
decreases to l.lxlO14 s-' when 0.5 monolayers of hydrogen are adsorbed.14

V [ io"ss/m]

FIGURE 6.2. The ionization probability T|H for hydrogen atoms moving away from a clean W(l 10)
surface with a cesium coverage of 0.6 monolayers, as a function of their normal velocity v.. The
corresponding particle energy E is also indicated. The data points are obtained in scattering 50-eV and
100-eV protons, at an angle of incidence of 70° with respect to the surface normal. The normal
velocity is varied by varying the detection angle.
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The ionization probability T|H for hydrogen atoms moving away from a clean
W(110) surface, as calculated with Eq. (6.5), is shown in Fig. 6.2 as a function of
their reciprocal normal velocity vx. Also shown are measurements of T|H obtained in
backscattering 50-eV and 100-eV protons, which were presented earlier in Fig. 2.4. It
is seen that theory and measurements have a similar functional dependence on v±.
However, particularly for "normal energies" smaller than 10 eV (i.e. for v±

]>2xl0'5

s/m), the measured ionization probabilities are somewhat smaller than the theoretical
results. This difference is related to the parallel velocity of the scattered protons,
which is not taken into account in the calculation. Note that, in a scattering experiment
carried out at a constant particle energy, the parallel velocity increases when the
normal velocity is reduced. The latter is done via an increase of the detection angle.
Van Wunnik et al. showed that the parallel velocity can significantly reduce the
overlap of the conduction band and the affinity level, especially when it is of the same
order as the velocity of the metal electrons.15 Consequently, the parameter <N(z)>
cannot be approximated by a step function from one to zero when the parallel-
velocity effect is operating. We shall pay no further attention to this effect, in view of
the fact that we are primarily interested in describing the negative-ion formation
process at particle energies of a few eV.

The influence of the reduction of the transition frequency due to adsorption of
hydrogen on T)H is somewhat ambiguous. It can be deduced from Eq. (6.5) that the

1000

FIGURE 6.3. The calculated ionizaiion probability TU, for hydrogen atoms moving away from a
W(l 10) surface, as a function of their normal energy. The cesium coverage is 0.6 monolayers. The
hydrogen coverage is zero (full line) or 0.5 monolayers (broken line).
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reduction of co at z=zc leads to an increase of % , whereas the reduction at z=0 leads to
a decrease. The calculated ionization probability is shown in Fig. 6.3 as a function of
the particle energy for a clean (0H=O) and a hydrogenated (0H=O.5) surface. It is seen
that, on a clean surface, TIH has a maximum at an energy of roughly 5 eV. This
maximum is shifted to a value below 0.1 eV when the surface is hydrogenated. It is
also seen that a small particle energy favours the formation of negative ions. For
instance, the ionization probability on a hydrogenated surface is T]H=0.4 for an energy
of 1 eV, whereas it is TIH=0.05 for an energy of 200 eV. The latter probability is even
smaller when the parallel-velocity effect is operating. This way, a second pheno-
menon leading to the observed dominance of sputtering in negative-ion formation in
plasma sources is arrived at.

So far, we did not take into account that a fraction of the negative-ion beam can be
neutralized when it travels towards the extraction aperture. The most important
neutralizing reactions are

H- + e - * H + 2 e (6.8a)
H- + H + - » H + H (6.8b)
H- + H2 -+ H + H 2 + e (6.8c)
H" + Cs -> H + C s + e (6.8d)
H- + Cs+-*H+Cs (6.8e)

Neutralization via collisions with molecular hydrogen ions are not taken into account.
The cross sections for neutralization by electron impact and by proton impact are
discussed by Kim and Onikuti and by Szucs et al., respectively.16-17 They are shown in
Fig. 6.4. It is observed that reaction (6.8b) is dominant over reaction (6.8a) in a
plasma environment, where the ion density and the electron density are identical. The
cross section for neutralization in a hydrogen gas, as obtained from Tawara,18 is also
shown in Fig. 6.4. Tawara reported that the cross section for neutralization in a
cesium vapour is of the same order of magnitude. No measurements of the cross
section for neutralization by cesium ion impact are known to us. However, taking into
account that the cesium density is probably no higher than a few percent of the plasma
density, we conclude that this cross section should be considerably higher than 1012

cm2 to make reaction (6.8e) dominant over reaction (6.8b). Such a high cross section
is rather unlikely.

The plasma density is typically 1012 cm-3 in the sources discussed in Table 6.1 At
this density, the mean free path for neutralization by proton impact is of the order of a
100 cm for negative ions with an energy of a few hundred eV. The hydrogen back-
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ground pressure is typically 0.1 Pa, which corresponds to a density of the order of
1013 cnr3. The corresponding mean free path for neutralization in collisions with
hydrogen molecules is larger than 100 cm. It is concluded from this that the negative-
ion beam is hardly attenuated during its travel through the plasma, where it is taken
into account that the distance between the converter and the extraction aperture is
ususally of the order of 10 cm.

E[eV]

FIGURE 6.4. The cross section o for neutralization of negative hydrogen ions in collisions with
protons (I), electrons (II), and hydrogen molecules (HI), as a function of the barycentric energy.

6.3 EXPERIMENTAL ARRANGEMENT

6.3.1 The discharge

The set-up of the Amsterdam Light Ion Conversion Experiment ALICE is shown
in Fig. 6.5. Measurements on conversion of hydrogen ions with this experiment are
presented Sec. 6.4. The plasma is produced with a hollow-cathode arc discharge
(HCA). The converter is made from porous tungsten.

We shall briefly discuss the operation cf a HCA. A more detailed discussion is
given by Delcroix and Trindade.19 The cathode in a customary HCA is a tube made
from tantalum or tungsten, through which gas is injected. The gas flow is adjusted in
such a way that the pressure in the tube is of the order of a 100 Pa at a distance of a
few mm from the tip. At this so-called "hot spot" the gas inside the tube is effectively
ionized by electrons emitted from the inner wall; the wall is heated to a thermionic
temperature by bombardment with plasma ions. The plasma created in the tube
streams out and fills the region between the cathode and the anode, where it is
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FIGURE 6.5. Set-up of the Amsterdam Light Ion Conversion Experiment.

confined by an axial magnetic field. The background pressure in the plasma region is
a few orders of magnitude smaller than in the tube.

The cathode lifetime is determined by the rate of evaporation of the tube material,
i.e. by the temperature of the hot spot. The emitting area is proportional to the inner
diameter of the tube, so that a large diameter is favourable: at the same discharge
current, the temperature of the hot spot is smaller if the diameter is larger. A limit is
set by the required gas flow. As a compromise between gas efficiency and lifetime we
use tantalum tubes with an inner diameter of 4 mm and a wall thickness of 1 mm. The
length is 60 mm. The tip is pressed together over a length of 20 mm to form a
rectangular aperture with a height of 12 mm and a width of 1 mm. The lifetime of
these cathodes is of the order of 40 hours. The required gas flow is typically 100 Pa
1/s. The source is evacuated with a 2000-1/s diffusion pump, so that the hydrogen
pressure in the discharge is of the order of 0.1 Pa. The pump is equipped with a freon
baffle.

Fig. 6.5 shows that the plasma is bent into a U-shape by the confining magnetic
field. Hershcovitch and Kovarik employed a similar geometry in an experiment on
plasma neutralization of negative ions.20 The motivation to work with a U-shape is
that a straight column would be completely surrounded by hardware, giving a rather
poor accessibility for diagnostic devices. The latter is substantially improved by the
open bends in the column. Our source contains two cathodes. The equipment shown in
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Fig. 6.6 is used to start the discharge, which is usually done with argon as working
gas. The ignition procedure is similar to the one described by Kovarik et al.21 The
ignition electrode, which is shown in Fig. 6.5, is placed at a distance of a few mm
from the tip of one of the cathodes. The filament mounted on this electrode ionizes a
fraction of the injected argon gas. The cathode is biased at a potential of -500 V with
the auxiliary "booster" power supply PS2, so that its tip is rapidly heated by ion
bombardment. The arc starts within a few seconds, provided the gas flow is correctly
adjusted. This causes the cathode voltage to increase from -500 V to typically -50 V.
Diode Dl then starts conducting, so that the main power supply PS1 can take over the
arc current. Subsequently, the ignition electrode (which acts as anode during the
ignition phase) is pulled out of the discharge region and PS2 is switched off. A
possible direct arc towards the filament is stopped by resistor R5. After ignition the
gas inlet is switched from argon to hydrogen. We found that the discharge cannot be
directly started in hydrogen. The second cathode is ignited with a similar procedure
as the first, except for the fact that it is heated by the ions produced with the first
cathode instead of with a second filament. The currents drawn by the two cathodes can

FIGURE 6.6. The electric equipment used to ignite the discharge. Power supplies: PS 1:160 V, 125
A, PS2: 800 V, 10 A. Resistors: Rl: 0.25 Q, R2, R3:0.14 fl, R4:50 « , R5:10 Cl. Diodes: Dl, D2:
1400 V, 300 A. The left and the right cathode are ignited with switch SI in the upper and in the lower
position, respectively.
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be balanced with potentiometer Rl. However, we usually work with a single cathode,
and use the other as a spare.

Some typical discharge characteristics are shown in Fig. 6.7. Plotted is the cathode
voltage as a function of the discharge current, for various values of the confining
magnetic field. These measurements are obtained with a single cathode. It is seen that
the cathode voltage increases only modestly with increasing arc current, which is a
characteristic of (anomalous) arc discharges. Furthermore, it is higher at a higher
magnetic field. This is related to the Penning-like character of our geometry; the
electrons have to travel across the magnetic field to reach the anode. We observed that
a considerable fraction of the discharge current gets lost in the bends of the column.
Roughly 50 % reaches the anode. Langmuir probe measurements indicate that the
plasma density on the axis of the discharge is of the order of 1012 cm3. This density is
sufficient for our needs.

-180

FIGURE 6,7. The cathode voltage as a function of the (hydrogen) arc cun'ent, for magnetic fields
ranging from 200 G to 400 G. The anode is grounded.

63.2 The converter

The converter is made from sintered tungsten with a porosity of 20 %. The
assembly is schematically shown in Fig. 6.5. A slice with an area of 5.6x2.2 cm2 and a
thickness of 6 mm is electron-arc welded onto a molybdenum support, in which a
basin with a depth of 0.5 mm has been machined. The basin is connected to the bottom
of a reservoir, which contains a few cm3 of liquid cesium, via a stainless steel capil-
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lary with a length of 50 cm. The reservoir is placed at the highest point of the
assembly. The inner and outer diameter of the capillary are 1.7 and 2.2 mm, respec-
tively. We found that the cesium coverage is most easily controlled when the
diameters have these rather large values. The converter, the capillary and the t
reservoir can be independently heated. The latter two usually have a temperature of a ;
100 °C. The whole assembly is evacuated prior to squashing the cesium capsule. The
latter can be done without breaking the vacuum.

Our initial idea was to pressurize the reservoir with argon gas, so that liquid
cesium is forced to flow through the porous disk. With this approach a flow rate of
the order of 10~5 cm3/s per cm2 was measured, at an applied pressure of 1 Bar. In
experiments on negative-ion formation, which will be discussed in Sec. 6.4, we found
strong indications that the cesium coverage of the surface is always of the order of a
full monolayer, irrespective of the applied pressure. This implies that the coverage is
efficiently replenished via perspiration through the pores, where the concentration
gradient directly below the surface supplies the driving force. In view of this obser-
vation, it was decided not to pressurize the reservoir in all experiments discussed
further on.

The anode is placed at a distance of 2.8 cm from the converter surface. The
extraction slit has a height of 4 cm and a width of 8 mm, so that the "active" converter j
area is 3.2 cm2. This is 25 % of the total area. The active area is slightly reduced by '
the fact that the ions travel along a curved trajectory on their way to the extraction
slit, due to the axial magnetic field. For a field of 200 G we calculate a reduction of
some 20 % at a particle energy of 50 eV, and a reduction less than 10 % at particle
energies higher than 150 eV. In this calculation it is taken into account that the
magnetic field in the region between the converter and the anode is roughly 50 % of
the field in the plasma column.

633 The detector

The detector in Fig. 6.5 contains three electrodes: a front plate, an electron
collector, and a negative-ion collector. The total incident current is measured on the
front plate. This plate is biased at a positive potential of 10 V to suppress a contri- '
bution of (positive) plasma ions. A fraction of the incident beam is passed through a ;
slit with a height of 3 cm and a width of 1.5 mm. Subsequently, the electron >
component and the negative-ion component are separated with a magnetic field. The j
latter is produced with two CoSm permanent magnets with a thickness of 2.25 mm, '
which are mounted on the electron collector. The field on the axis of the detector is
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FIGURE 6.8. Currents measured with the negative-ion collector (filled circles) and the electron
collector (open circles). Results for operation in argon and in hydrogen are shown. Note the different
scales.
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110 G. The corresponding Larmor radius for 1-eV electrons is 0.3 mm, so that these
cannot reach the negative-ion collector. This way, the negative-ion component and the
electron component are individually detected, so that a calculation of the negative-ion
current incident on the front plate is straightforward. The whole detector is mounted
in a closed box to shield it from the plasma. The negative-ion collector is positively
biased at 10-20 V to trap secondary electrons.

Typical currents measured with detector are shown in Fig. 6.8. These are obtained
on argon and on hydrogen arcs, at a discharge current of 20 A and a magnetic field of
200 G. It is seen that the (apparent) negative-ion current in the case of argon is at least
an order of magnitude smaller than in the case of hydrogen. This result gives
confidence in our analyser, because negative argon ions cannot be formed via surface
conversion. Besides this, the equilibrium cesium coverage probably has a small value
in an argon discharge, due to the high sputter coefficient for incident argon ions.

It is not fully understood why the electron currents in Fig. 6.8 increase with
increasing converter potential. In view of the axial magnetic field confining the
plasma, we expect that secondary electrons formed on the converter surface cannot
reach the electron collector. Note that the Larmor radius for 100-eV electrons in a
magnetic field of 100 G is 3 mm, whereas the distance between the converter and the
extraction slit is 2.8 cm. Possibly, the currents in Fig. 6.8 reflect a change of the
discharge characteristics due to injection of secondary electrons.

The reproducibility of the results in Fig. 6.8 is typically 25 %. The same applies to
other measurements done with the negative-ion detector, which are discussed in Sec.
6.4.

6.4 EXPERIMENTAL RESULTS

First, we study the flow of cesium through the converter in the absence of the
plasma. This is done via emission of photo electrons under irradiation with a HeNe
laser. The emitted electrons are collected on a grounded electrode, which is placed at
a distance of 2 cm from the surface. The converter is biased at a negative potential of
50 V. It is heated to 300° C and cleaned by sputtering with argon. Some 2-3 hours
after breaking the cesium capsule the first traces of cesium are seen on the surface.
Subsequently, the heater is switched off and the temperature of the converter
decreases to 60° C in roughly 20 minutes. Meanwhile the photo current is measured.
A typical result is shown in Fig. 6.9. No pressure is applied to the cesium reservoir.

It is observed in Fig. 6.9 that the photo current has a sharp maximum at a
temperature of 200 °C, which implies that the minimum work function is reached at
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this temperature. This is believed to occur at a cesium coverage of roughly 0.6
monolayers.22 We further observed that the current does not increase if, at 60 QC,
pressure is applied to the cesium reservoir. It is deduced from this that the established
coverage is of the order of a full monolayer at 60 °C. The decrease with increasing
temperature is believed to be caused by an enhancement of thermal desorption from
the surface.23

FIGURE 6.9. The photo current obtained under irradiation with a laser, as a function of the converter
temperature. The foton energy is 1.96 eV. The ambient pressure is 10"* Pa.

The current drawn by the converter is shown in Fig. 6.10 as a function of the
converter potential, for arc currents ranging from 15 A to 30 A. This current is seen
to increase with increasing arc current, as expected. However, it does not reach a
saturation value in our range of converter potentials. This phenomenon, which we
also observed in doing Langmuir probe measurements, is not fully understood.
Possibly, it is related to emission of secondary electrons.

Neglecting the absence of saturation, we can estimate the plasma density n, in the
neighbourhood of the converter surface using the well-known expression for the
saturation current density J^ ,

Jsaf V- (6.9)

where k is Boltzmann's constant, Te is the temperature of the electrons, and m; is the
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FIGURE 6.10. The hydrogen ion current Ic drawn by the converter as a function of the converter
potential Vc, for various arc currents. The applied magnetic field is 200 G and the hydrogen
background pressure is 0.1 Pa.

ion mass. Assuming a temperature of 2 eV, which is obtained from Langmuir probe
measurements, we calculate densities of 3-5xlOn cm"3 in the neighbourhood of the
converter. Langmuir probe measurements give a density on the axis of the plasma
column which is typically 50 % higher, so that one is tempted to place the converter
closer to the axis. On trying this we observed that the discharge rapidly becomes
unstable with decreasing anode-converter distance. Furthermore, the attenuation of
the negative-ion beam is negligible at our plasma density (see Sec. 6.2).

An instructive result on negative-ion formation is shown in Fig. 6.11. We
obtained this result after switching the gas inlet from argon to hydrogen. The
(absolute) arc voltage increases strongly at t=0, which indicates that the discharge
starts to run primarily on hydrogen at this moment. Fig. 6.11 shows the subsequent
evolution of the extracted negative-ion current. We expect for argon ions a sputter
coefficient of unity, whereas the sputter coefficient fo. hydrogen ions is of the order
of 103 (see Fig. 5.3). Consequently, sputtering of cesium is significantly reduced
when the discharge starts to run on hydrogen. Fig. 6.11 suggests that the coverage
increases in the course of time, passes through the optimum value of 0.6 monolayers
after 150 s, and reaches a saturation value of a full monolayer after 200 s. The latter
conclusion is supported by our observation that the negative-ion current does not
increase if, after the stationary situation has been reached, pressure is applied to the
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cesium reservoir. Furthermore, the negative-ion current at t=0 is a factor of three
smaller than the current at t=150 s. It is deduced from this that the stationary cesium
coverage in an argon discharge is of the order of 0.2 monolayers.

The dependence of the extracted negative-ion current on the magnetic field is
shown in Fig. 6.12 for three values of the converter potential. This current appears to
be rather insensitive to a variation of the field. It is more sensitive to a variation of the
converter potential. Apparently, a high potential is favourable. This is also observed
in Fig. 6.13. The extracted current is shown in this figure as a function of the
converter potential, for various arc currents.

400

300

t [ s ]

FIGURE 6.11. The evolution of the current to the negative-ion detector (fiileu circles) and to the
electron detector (open circles) after switching from an argon to a hydrogen discharge. The convener
is biased at -200 V. The arc current is 20 A, the magnetic field is 150 G, and the pressure is 0.1 Pa.
No pressure is applied to the cesium reservoir.

The energy distribution of the extracted ions is presented in Fig. 6.14 for three
values of the converter potential. These are obtained by applying a decelerating
potential to the negative-ion collector and the electron collector. The axial magnetic
field is 150 G. We obtained similar results at other values of this field. It is seen that
our distributions are extremely broad compared to the distributions measured by
Leung and Ehlers and by Van Bommel et al., which were obtained on cesium seeded
discharges.7-8 Furthermore, our distributions have two peaks. The first peak has a
central energy of IVCI eV. It thus also contains negative ions with an energy smaller
than IVCI eV, i.e ions which cannot have been formed on the converter surface. The
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FIGURE 6.12. The extracted negative-ion current as a function of the axial magnetic field. Results
for a converter potential of-100 V, -200 V, and -300 V are shown. The arc current is 18 A and the
background pressure is 0.1 Pa. No pressure is applied to the cesium reservoir.

second peak has a central energy of 180 eV, 240 eV, and 300 eV at a converter
potential of -150 V, -200 V, and -250 V, respectively. Obviously, this peak contains
those ions which left the surface with an energy around 0.2 IVCI eV.

6.5 DISCUSSION

We deduced from Fig. 6.11 that the equilibrium cesium coverage <6Cs> is of the
order of 0.2 monolayers when our porous converter is in contact with a pure argon
plasma. The coverage increases to a full monolayer when the gas inlet is switched to
hydrogen. These results are compared with the model for adsorption of cesium which
we presented in Chapter 5. According to Eqs. (5.9)-(5.11), the dynamic coverage
0Cs(t) can be described as

= ecs(°) e*p(-t/TCs) + <9Cs> {l-exp(-t/'tCs)}

with

(6.10)

(6.11)

and
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FIGURE 6.13. The extracted negative-ion current as a function of the converter potential, for arc
currents ranging from 16 A to 32 A. The magnetic field is 200 G and the background pressure is 0.1
Pa. No pressure is applied to the cesium reservoir.

(6.12)

where we replaced the cesium ion flux (j>Cs ( by the argon ion flux fyMi. The sputter
coefficients Yjjyj and YH(VC) refer to desorption of cesium by bombardment w ith
argon and hydrogen ions, respectively. It is discussed in Sec. 5.5 that Eq. (6.12) is
only valid if <t>cs,a>0-25{YAr(v

c)
<t)Ar.i+YH(Vc)<t)H,i)' which is not the case in a pure

argon discharge. In Sec. 5.5, the equilibrium coverage is calculated to be roughly 0.2
monolayers when this condition is not satisfied. This value is consistent with our
interpretation of Fig. 6.11. Furthermore, we calculated in Sec. 5.3.3 that the sputter
coefficient YH(VC) is lOMO"4. This is at least a factor of 1000 smaller than Y^V,.),
which probably is close to unity. Consequently, it is reasonable to assume that <6Cs>
is close to a full monolayer in a pure hydrogen discharge. This is supported by our
observation that the negative-ion current does not increase if pressure is applied to the
cesium reservoir. Note that a coverage higher than a monolayer cannot be main-
tained, due to the reduced binding energy of cesium atoms in a subsequent layer.

The time constant tC s is roughly 100 ms in a pure hydrogen discharge, at a
converter current of some 100 mA per cm2. This is three orders of magnitude smaller
than the time scale on which the extracted negative-ion current in Fig. 6.11 responds
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to the change of the working gas. This figure reflects the decay of the argon concen-
tration: the equilibrium cesium coverage <9Cs> increases with decreasing argon flux
<j)Ar j and reaches a stationary value of a full monolayer when 0/^=0. The loss of
sputtered particles YH(VC)<|>H j is of the order of a monolayer per second in the latter
case. This (small) loss is replenished by the neutral cesium flux <|>CSja..We expect the
associated cesium density in the discharge to be orders of magnitude smaller than in
more conventional negative-ion sources, in which the converter is cesiated via vapour
deposition. This is supported by our interpretation of the energy distributions of the
extracted ions, as is discussed next.

-150V

-200 V

- 2 5 0 V

100 200

E [eV]

300 400

FIGURE 6.14. Energy distributions of the extracted ions, for a convener potential of -150 V, -200
V, and -250 V. The arc current is 15 A and the axial magnetic field is 150 G.
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The distributions in Fig. 6.14 are noticeably different from the distributions
reported by Leung and Ehlers and by Van Bommel et al.7-8 These authors measured a
sharp peak with a central energy of roughly one times the converter potential, which
was superimposed on a much broader distribution of the type we obtained. The height
of the latter is at least a factor of ten smaller than the peak height. The peak widtfi is
only a few eV, which suggests that it contains those negative ions which are formed
via sputtering by cesium ions.10-11 Therefore, the fact that we measure only the
underlying distribution gives a strong indication that the cesium density in our
discharge is negligible. This is related to (i) the efficient injection mechanism and (ii)
the employed discharge geometry, which is much more open than in a multicusp
"bucket" source. All injected cesium accumulates in such a source, whereas in our
source cesium can drift out of the discharge region and accumulate in the surrounding
vacuum vessel. It is remarked that in all Refs. in Table 6.1 except in Ref. 4 a bucket
source is employed.

Our energy distributions do not show a peak at 2IVCI eV, which implies that no
negative ions formed via scattering reach the detector. This is related to the reflection
coefficient for incident protons, which probably is rather small at energies of a few
hundred eV,24 and to the angular spread of the scattered particles (see Sec. 6.1). The
peak at 1.21Vcl eV could account for hydrogen atoms which are sputtered by protons
at an angle of roughly 60° between the incoming and the outgoing trajectory. This
angle seems reasonable, in view of the fact that hydrogen is adsorbed below the
cesium layer.25 The peak at IVCI eV could account for hydrogen atoms sputtered in the
course of a collision cascade. However, a considerable fraction of the detected ions
has an energy smaller than IVCI eV, which phenomenon was also observed in earlier
experiments.7-8 This suggests that negative ions are formed in the plasma sheath, at
some distance from the converter surface. In so-called volume sources, this formation
mechanism is generally believed to be related to electron impact on excited hydrogen
molecules.

The conversion efficiency T|H* for our experiment, as obtained from Figs, 6.10
and 6.13, is shown in Fig. 6.15 as a function of the converter potential Vc. In
determining T)H* we took into account that the active converter area is 25 % of the
total converter area, as discussed in Sec. 6.3.3. Emission of secondary electrons from
the converter surface is not taken into account. This effect causes the incident ion
current to be smaller than is shown in Fig. 6.10. Therefore, T|H* shall only be used as
a figure of merit in comparing our source with the sources in Table 6.1. In this table,
we also neglected emission of secondary electrons in determining the conversion
efficiencies.
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FIGURE 6.15. The conversion efficiency TiH* as a function of the converter potential Vc, for arc
currents between 16 A and 32 A.

Our maximum value for T|H* amounts to 0.5 %, which is an order of magnitude
smaller than the values in Table 6.1. This is another strong indication that formation
of negative ions in cesium seeded discharges goes predominantly via cesium ion
impact desorption. Furthermore, there is no clear optimum value for the converter
potential, whereas for the sources in Table 6.1 an optimum value between -100 V and
-200 V was reported. We believe that this difference is also related to the absence of
cesium ions. In a seeded discharge, adsorbed cesium atoms are primarily sputtered by
incident cesium ions. The established equilibrium coverage is smaller at a higher
converter potential. Thus, increasing the potential leads to a simultaneous increase of
the work function (which is equivalent to a decrease of the negative-ion formation
probability) and of the sputtered hydrogen flux. The optimum potential is reached
when these two processes are in balance. The situation is entirely different in our
experiment, in which the cesium coverage is hardly sputtered, whereas it is
effectively replenished via perspiration through the pores in the converter. This way,
the work function is expected to be independent of the converter potential. In Fig.
6.15, the increase of T]H* with increasing converter potential in the range IVCI<200 V
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thus reflects an enhancement of the formation process, for instance through an in-
crease of the yield of sputtered hydrogen atoms.

We decided to check our ideas about the role of cesium as primary sputtering
agent by injecting argon and xenon gas into the discharge. This was done through a
separate inlet, i.e. not through the cathodes. The discharge characteristics hardly
change with this approach, provided that the (partial) noble-gas pressure is smaller
than 0.1 Pa. The obtained conversion efficiency tlH* is shown in Fig. 6.16 as a
function of the noble-gas pressure, at a hydrogen background pressure of 0.4 Pa and a
primary ion current of 160 mA per cm2 to the converter. It is seen that T|H* increases
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FIGURE 6.16. The conversion efficiency T|c * as a function of the partial noble-gas pressure, in the
case of a discharge current of 14 A, a hydrogen background pressure of 0.4 Pa, and an axial
magnetic field of 150 G. The converter potential is -200 V. Results for injection of argon and xenon
are shown. No pressure is applied to the cesium reservoir.

by an order of magnitude with increasing pressure, upto a maximum of 3 %. This is
in the same range as the values in Table 6.1, which confirms our ideas. A further
proof is given by Fig. 6.17, where the energy distribution of the extracted ions as
obtained for an argon seeded plasma is shown together with the distribution for a pure
hydrogen plasma. The converter potential is Vc=-138 V in both cases. It is cle; -ly
seen that a relatively sharp peak with an energy of IVCI eV develops when argou is
injected. This peak contains those hydrogen atoms which are sputtered by incident
argon ions and subsequently are ionized with a high efficiency. We shall not attempt
to compare this peak with calculations on energy transfer between argon and hydro-
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gen, in view of the (probably) rather poor energy resolution of our detector. The
maximum negative-ion current that we extracted from an argon seeded discharge is
25 mA, which is equivalent to a current density of some 8 mA per cm2. This result
was obtained at a discharge current of 42 A and a converter potential of -200 V.

Summarizing, we conclude that on a converter electrode negative hydrogen ions
are most efficiently formed via sputtering with heavy ions. Negative-ion formation
via bombardment with protons features conversion efficiencies which are an order of
magnitude smaller. Therefore, in cesium seeded discharges negative ions are primari-
ly formed via sputtering by cesium ions. An interesting point is that the conversion
efficiency for this process which Lopes et al. found in the absence of a plasma is too
small to account for the results obtained under discharge conditions.10 This suggests
that the simultaneous presence of energetic cesium and hydrogen ions is essential for
obtaining a high negative-ion yield. A possible explanation is that in a discharge not
only the surface, but also the bulk of the converter is saturated with hydrogen.
Implanted particles diffuse to the surface, thus giving rise to a continuous flow out of
the converter. Sputtering by cesium ions can then be considerably more effective than
in the experiment of Lopes et al., in which the surface was hydrogenated via adsorp-
tion of hydrogen gas.

Concerning the application of our results to neutral beam programs, we conclude
that on a porous converter negative hydrogen ions can be formed with an efficiency
of some 3 %, provided the discharge is seeded with a (noble) gas with a mass which is
substantially higher than the proton mass. This implies that we eliminated a main
drawback of surface-conversion ion sources, namely the large amount of cesium

FIGURE 6.17. Energy distribution of the extracted ions, at a converter potential of -138 V. The
discharge current is 21 A and the axial magnetic field is 200 G. Results for a pure hydrogen plasma
(open circles) and an argon seeded plasma (filled circles) are shown. The partial argon pressure is
0.04 Pa in the latter case. The hydrogen pressure is 0.5 Pa.
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needed for efficient operation. In our experiment, the cesium consumption is
typically 20 mg per hour. This is at least an order of magnitude smaller than is usually
found in cesium seeded discharges.5
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SUMMARY

A fundamental study on charge exchange between atoms and metal surfaces is
presented in this thesis. The attention is focused on formation of negative hydrogen
ions. The interest in this subject is related to the development of intense beams of
neutral atoms for fusion research, in which negative ions find application as inter-
mediate particle. Presented is an experimental investigation of various aspects of the
negative-ion formation process in so-called surface conversion plasma sources. The
results are also useful for other devices in which a metal surface is in contact with a
plasma, such as etching or deposition reactors as employed in the fabrication of
semiconductor components.

In surface conversion sources, negative ions are formed via scattering or
sputtering of neutral atoms from a metal electrode, the so-called converter, which is
immersed in a plasma and biased at a negative potential of a few hundred Volts. The
converter should have a small work function to obtain a high negative-ion yield. This
can be achieved via adsorption of submonolayer cesium coverage. Cesium vapour is
usually injected into the discharge chamber for this purpose.

The negative-ion formation probability for hydrogen atoms scattered from a
thoroughly cleaned, cesiated W(110) surface is studied in Chapter 2. The cesium
coverage is a controlled parameter. The measurements are done under ultra-high
vacuum conditions. The motivation to use a W(l 10) surface mainly lies in the fact that
its work function is as small as 1.45 eV at a cesium coverage of 0.6 monolayers, which
is one of the lowest possible values for metallic surfaces. Our measurements show a
maximum ionization probability of 67 %, which is obtained at a primary energy of
100 eV and a detection angle of 70° with the surface normal. The results can be
described reasonably well in terms of resonant charge transfer between the scattered
atoms and the metal, where the latter is characterized by macroscopic parameters.
Furthermore, we found that the ionization probability decreases rapidly when a
monolayer of hydrogen is implanted into the surface.

This subject is studied further in Chapter 3, where measurements of the formation
probability on a coadsorbed layer of cesium and hydrogen on W(l 10) are presented.
The negative-ion yield decreases proportionally with increasing hydrogen coverage
in the case of a cesium coverage of 0.6 monolayers, which implies that the formation
probability is locally reduced in the neighbourhood of the adsorbed atoms. In contrast
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to this, the yield is insensitive to the presence of hydrogen in the case of a cesium
coverage of a full monolayer. A remarkable observation is that in both cases the work
function remains constant when hydrogen is adsorbed. The decrease of the negative-
ion yield is explained by a reduction of the electronic transition frequency between
the scattered atoms and the metal, which is related to the fact that metal electrons are
reflected by adsorbed hydrogen atoms. The latter effect locally reduces the electron
density in the region outside the metal.

The charge state of cesium ions scattered from a cesiated W(110) surface is
investigated in Chapter 4. The neutralization process is observed to be dominated by
local effects. Each adsorbed cesium particle acts as a local neutralizaton center for
scattered cesium ions once the collective effect of the adsorbed particles has reduced
the work function to below 4 eV. The experimental findings are consistent with an
elementary calculation of the electrostatic potential in the direct neighbourhood of the
adsorbed cesium particles. The calculation shows that this potential has local dips
which are sufficiently deep to resonantly neutralize the scattered ions.

A model study of adsorption of cesium c."1 a converter surface in contact with a
plasma is presented in Chapter 5. This model is complete in the sense that it takes the
charge state of scattered and sputtered cesium particles into account. It is assumed that
the converter is exposed to a flux of hydrogen ions, cesium atoms and cesium ions.
The incident ions are accelerated by the negative converter potential. The calculations
show that the coverage is strongly reduced by sputtering with cesium ions. It is
replenished by incident neutral atoms. Balancing adsorption and sputtering we
determine a dynamic equilibrium coverage which is always smaller than a quarter of
a monolayer if the incident cesium flux is highly ionized. The latter is the case in most
negative-ion sources known to us. The small equilibrium value is directly related to
our assumption (which is deduced from the measurements in Chapter 4) that all
sputtered cesium particles are neutral when the coverage is larger than a quarter of a
monolayer. Consequently, all sputtered particles flow to the plasma in this range. In
contrast to this, a fraction of the sputtered particles desorbs as a positive ion when the
coverage is smaller than a quarter of a monolayer. These ions return to the converter
surface due to its negative bias potential. This way, the decrease of the coverage due to
sputtering is counteracted and a stable equilibrium is achieved.

Results on negative-ion formation in a plasma environment are discussed in
Chapter 6. Employed is a novel type of converter, namely a porous tungsten button
with liquid cesium diffusing through it. A high cesium coverage can easily be main-
tained with this approach. This is related to the high flux of neutral cesium atoms to
which the converter is exposed and to the small cesium density in the discharge. We
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obtain negative-ion yields which are an order of magnitude smaller than is usually
found in more conventional experiments, in which the converter is cesiated via
injection of cesium vapour into the discharge. Furthermore, our energy distributions
show that no negative ions are formed via desorption by cesium ion impact, which
gives a strong indication that negative hydrogen ions are primarily formed via this
process in cesium seeded discharges. This view is confirmed by our observation, that
the negative-ion yield increases with an order of magnitude when a small amount of
argon gas is injected into the discharge.
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SAMENVATTING

Dit proefschrift bevat een fundamentele studie van het ladingsoverdrachtproces
tussen atomen en metaaloppervlakken. De nadruk ligt op vorming van negatieve
waterstof ionen. De belangstelling voor dit onderwerp hangt samen met de ontwikke-
ling van intense bundels neutrale deeltjes ten behoeve van fusie-experimenten.
Negatieve ionen fungeren hierbij als tussenstap. Een experimenteel onderzoek a .
verscheidene aspecten van het ionisatieproces in zogenaamde "oppervlakteoonvers:

bronnen" wordt gepresenteerd. De resultaten zijn evenzeer van belang voor anc re
apparaten waarin een metaaloppervlak in contact wordt gebracht met een plasnia
zoals ets- of depositiereactoren voor vervaardiging van electronische componenten.

In oppervlakteconversiebronnen worden negatieve ionen gevormd door neutrale
atomen te verstrooien aan en te verstuiven van een metaaloppervlak, de zogenaamde
omladingselectrode. Deze wordt ondergedompeld in een plasma en op een negatieve
spanning van een paar honderd Volt gehouden. De uittreearbeid van de omladings-
electrode dient klein te zijn voor het verkrijgen van een hoge negatieve-ionen-
opbrengst. Dit wordt gewoonlijk bereikt via adsorptie van een submonolaag cesium.
Hiertoe wordt cesium damp in de ontlading geïnjecteerd.

De waarschijnlijkheid dat een waterstof atoom dat gereflecteerd is aan een
grondig gereinigd, gecesieerd W(110)-oppervlak een negatieve lading heeft wordt
onderzocht in Hoofdstuk 2. De cesiumbedekking is een gecontroleerde grootheid. De
metingen zijn gedaan in een ultra-hoog vacuum. Er is gekozen voor een W(110)-
oppervlak omdat de uittreearbeid van dit oppervlak buitengewoon klein is bij een
cesiumbedekking van 0.6 monolagen, namelijk 1.45 eV. Dit is een van de laagst
mogelijke waarden voor metaaloppervlakken. Uit de metingen blijkt een maximale
ionisatiewaarschijnlijkheid van 67 %. Deze is verkregen bij een primaire energie van
100 eV en een detectiehoek van 70° met de normaal op het oppervlak. De resultaten
kunnen redelijk worden beschreven in termen van résonante ladingsruil tussen de
verstrooide atomen en het metaal, waarbij laatstgenoemde wordt gekarakteriseerd
door macroscopische parameters. De ionisatiewaarschijnlijkheid neemt sterk af nadat
circa één monolaag waterstof in het oppervlak is geïmplanteerd.

Dit onderwerp wordt nader onderzocht in Hoofdstuk 3. Metingen aan de
ionisatiewaarschijnlijkheid op een W(l 10)-oppervlak, dat is bedekt met een laag die
zowel cesium als waterstof bevat, worden in dit hoofdstuk gepresenteerd. De
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negatieve-ionenopbrengst neemt rechtevenredig af met de waterstofbedekking in het
geval van een cesium bedekking van 0.6 monolagen, hetgeen wijst op een locale
verlaging van de ionisatiewaarschijnlijkheid in de omgeving van de geadsorbeerde
atomen. In tegenstelling hiertoe blijkt de opbrengst niet te worden beïnvloed door de
aanwezigheid van waterstof in het geval van een cesiumbedekking van een volle
monolaag. Een opmerkelijke waarneming is dat de uittreearbeid in beide situaties
constant blijft wanneer waterstof wordt geadsorbeerd. De afname van de negatieve-
ionenopbrengst wordt verklaard door een afname van de electronische overgangs-
frequentie tussen de verstrooide atomen en het metaal, welke zijn oorsprong vindt in
reflectie van metaalelectronen aan geadsorbeerde waterstof atomen. Dit leidt tot een
locale verlaging van de electronendichtheid buiten het metaal.

De ladingstoestand van cesium ionen die zijn verstrooid aan een gecesieerd
W(110)-oppervlak wordt bestudeerd in Hoofdstuk 4. Het neutralisatieproces blijkt te
worden overheerst door locale effecten. Elk geadsorbeerd cesium deeltje fungeert als
locaal neutralisatiecentrum voor de verstrooide ionen zodra het collectieve effect van
de geadsorbeerde deeltjes de uittreearbeid op een waarde onder 4 eV heeft gebracht.
De experimentele waarnemingen zijn consistent met een elementaire berekening van
de electrostatische potentiaal in de directe omgeving van de geadsorbeerde cesium
deeltjes. De berekening toont aan dat deze potentiaal locale putten heeft, die diep
genoeg zijn om de verstrooide ionen resonant te neutraliseren.

Een model voor adsorptie van cesium op een omladingselectrode, die in contact is
gebracht met een plasma, wordt gepresenteerd in Hoofdstuk 5. Dit model is volledig
in die zin, dat rekening wordt gehouden met de ladingstoestand van verstrooide of
verstoven cesium deeltjes. Uitgangspunt is dat de omladingselectrode wordt getroffen
door waterstof ionen, cesium atomen en cesium ionen, waarbij de invallende ionen
zijn versneld door de negatieve potentiaal van de electrode. De cesium bedekking
wordt sterk gereduceerd door bombardement met cesium ionen. Uit een balans van
adsorptie en verstuiving volgt dat de evenwichtsbedekking altijd kleiner is dan een
kwart monolaag wanneer de invallende cesium flux in overheersende mate bestaat uit
ionen. Dit is het geval in de meeste ons bekende bronnen. Het feit dat de evenwichts-
bedekking zo'n kleine waarde heeft is een direct gevolg van de gebruikte veronder-
stelling (welke is gebaseerd op metingen uit Hoofdstuk 4) dat alle verstoven cesium
deeltjes neutraal zijn indien de cesium bedekking groter is dan een kwart monolaag.
Alle verstoven deeltjes stromen in deze situatie naar het plasma. In tegenstelling
hiertoe desorbeert een fractie van de verstoven deeltjes als positief ion indien de
bedekking kleiner is dan een kwart monolaag. Deze ionen keren terug naar de
omladingselectrode ten gevolge van diens negatieve potentiaal. Op deze manier wordt
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de door verstuiving teweeg gebrachte afname van de bedekking tegengewerkt, het-
geen leidt tot een stabiel evenwicht.

In Hoofdstuk 6 worden resultaten aangaande vorming van negatieve ionen in een
plasma-omgeving besproken. Een nieuw soort omladingselectrode, te weten een
poreuze schijf wolfraam waar vloeibaar cesium doorheen stroomt, wordt gebruikt.
Met deze aanpak kan gemakkelijk een hoge cesium bedekking worden gehandhaafd.
Dit hangt samen met de grote flux neutrale cesium atomen die de electrode bereikt en
met de kleine cesium dichtheid in de ontlading. De verkregen negatieve-ionen-
opbrengst is een ordegrootte kleiner dan in meer conventionele experimenten, waarin
de electrode wordt gecesieerd door injectie van cesium damp in de ontlading. Uit de
gemeten energieverdelingen blijkt dat de negatieve ionen niet worden gevormd via
verstuiving van waterstof door invallende cesium ionen. Dit wijst er op dat het
laatstgenoemde mechanisme overheerst in ontladingen met een hoge cesium
dichtheid. Deze conclusie wordt ondersteund door de waarneming, dat de
geëxtraheerde stroom met ruwweg een factor tien toeneemt wanneer een kleine
hoeveelheid argon in de ontlading wordt geïnjecteerd.

119


