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ABSTRACT

The production process for the formation of H- ions in a surface conversion source is
sputtering of hydrogen atoms from the converter surface layers by incident positive ions,
followed by electron attachment via resonant charge exchange with the converter surface. The
sputtering process is in direct relation to the converter surface composition. New experimental
data led us to indentify two different classes of converters: metallic converters, like solid
barium (binary) and adlayer converters, like cesium on tungsten (ternary). For a binary
converter the hydrogen in the surface layers is directly sputtered by the incoming ions.
Consequently, the negative ion yield scales with the hydrogen concentration in the surface
layers. In the cesium/tungsten system (ternary) the hydrogen at the surface is sandwiched
between the cesium adlayer and the tungsten surface. Hence, the negative ion yield scales
with the sputter coefficient of hydrogen on adsorbed cesium. This is experimentally
confirmed.
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I. INTRODUCTION
Neutral Beam Injection (NBD in future TOKAMAK experiments l require the development
of negative-ion sources. Two schemes to produce negative ions are under development:
volume production and surface conversion. The fIrst method is based on the extraction of H-

...

or D- ions formed in the bulk of a plasma (e.g. by dissociative attachment of electrons to
vibration ally excited molecules). In the second method, the negative ions are produced via
electron attachment while interacting with a negatively-biased, low work-function
electrode (converter) immersed in a hydrogen or deuterium discharge. In this paper, we
present a study on the negative ion production process in surface conversion sources. We
focus on the effect of the type of converter on the processes resulting in negative ions. Two
types of converters are compared; a metallic converter (barium) and an adlayer converter
(cesium on tungsten).
One of the first surface conversion experiments was done by Belchenko et aI., who
extracted a beam of negative hydrogen ions from a magnetron source. 2 These ions were
produced at the cathode surface. It was generally believed that the conversion process could
be better controlled if it was separated from the plasma production process. Therefore, in
most subsequent experiments the 'negative ions are produced at a special isolated electrode, the
so-called converter. 3 ,4,5,6 The converter should have a small work function to obtain a high
negative ion yield. 7
In a typical negative-ion source, 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 plasma sheath. A
,0

fraction of these ions is scattered. Furthermore, adsorbed hydrogen atoms are sputtered from
the converter surface by incident positive plasma particles. The scattered and sputtered
hydrogen particles can be ionized via charge exchange with the metal surface. Negative ions
thus formed are accelerated across the plasma sheath, and can be aimed at an aperture through
which they exit from the plasma, a process known as "self-extraction".8 The ionization
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process is operative over a distance of a few times the Bohr radius ao ' which is small with
respect to the sheath thickness. The latter is typically a few J.lm in an intense discharge.
Therefore, the charge exchange process between metal surface and hydrogen atom is not
affected by the sheath potential.
By now, it has been well established that the negative ion beam produced from a surface
conversion source, is mainly composed of nega.tive ions formed via electron attachment to
sputtered or recoiled atoms from the surface. This implies that the particle energy close to the
surface is small compared with the sheath potential. Therefore, the energy distribution of the
negative ion beam peaks around elVcl electronvolt, where Vc represents the converter voltage. 9
Recent calculations of Belchenko and Kupriyanov confIrm this observation. 10 The abundance
of sputtered particles in the extracted beam is related to the applied geometry of the source. 11
The exit aperture is usually placed in a plane parallel to the converter surface, therefore only
those particles emitted under more or less normal angles to the surface are able to leave the
source.
In a geometry as described above, the production of a large flux of sputtered atoms is
, >::

important to obtain a high negative ion yield. This paper will focus on the production of this
sputtered flux for two different systems: i) a metallic barium converter where the formation
process is the interaction of hydrogen with barium, a binary system (H-Ba) and, (ii) a cesiated
tungsten converter where the interaction is between hydrogen and the cesium/tungsten surface,
a ternary system (H-Cs-W). The most common cesiated-tungsten converter which has been
employed is produced by admitting cesium vapor into the discharge chamber.1 2 We will
present model calculations which indicate that the dynamic cesium coverage obtained in this
way is a strong function of the operational parameters, especially the converter voltage. Since
the cesium coverage dramatically affects the work function of the converter, this system is not
suited for comparison with an arrangement where the work function is constant (barium).
Hence, experiments have been carried out in an arrangement where the cesium coverage is
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obtained via surface wetting, a technique resulting in a full monolayer coverage of the tungsten
surface, independent of the plasma characteristics and converter bias. This stable converter
composition enabled us to model the hydrogen sputtering process in a way similar to the
modelling done for a pure barium metal converter, and enabled us to compare both systems.

II. THEORY
The negative ion current density at the surface, JH-' can in its most general form be
described as an integration over the parallel, vp ' and normal velocity, v n ' of an attachment
probability multiplied by the flux of hydrogen atoms leaving the surface and an attenuation
factor;

~

J t
L

~

JH- = e J dvnJ dvp 'TlH(vn,v p ) <I>H(vn,vp ) exp( -

dl

ni O'i(vn,v p ))

[1]

where 'TlH(vn,v p ) denotes the attachment probability, <I>H(vn,v p ) denotes the flux of
hydrogen atoms with a velocity between v and v+dv leaving the surface and the exponential
function is an attenuation factor which describes the stripping of negative ions on molecules
and plasma particles with their respective densities, ni' and cross sections, O'i(vn,v p )'
In a practical surface conversion source, only negative ions leaving more or less normal to
the surface are collected.

~(vn'vp)

is a sum of particles which are reflected from the surface

and particles which are sputtered or recoiled. 13 •14 In view of the difference in angular
distribution of sputtered and reflected particles, <I>H(vn,v p ) can be simplified by the
assumption that only sputtered or recoiled hydrogen atoms contribute.
If the pressure in the surface conversion source is of the order of a few mTorr and the

plasma density is below 10 12 cm- 3 then the attenuation term can be neglected if the path
length, L, the negative ions travel is below 10 cm.1 5 ,16 Since the energy with which the atoms
are sputtered from the surface is small compared to the energy obtained by acceleration over
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the sheath potential, we can formally integrate over vp. Additionally, we can simplify our
integration by taking an average energy with which the hydrogen atoms leave the surface. Eq.
[1] then reduces to

J

eVc
dVn llH(v n ) <l>H*(v n ) = dE llH(E) <l>H*(E) "" llH(<E» <l>H*

J

00

JHn- =

[2]
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where Vc denotes the converter potential, <E> the average energy of the sputtered particles
and ~* the sputtered flux. In the following two sections we will discuss the two remaining
factors, namely the ionization probability and the sputtered flux.

II.a Attachment probability
The process of forming a negative ion via interaction with a low work function surface is
generally known as resonant charge exchange 1? . For a hydrogen atom scattered from a low
work-function metal-surface, the probability for negative ionization (attachment) can be
calculated using a stationary phase approximation 18 ,19

.f.
.":,

00

[3]

Here, ro(z) represents the transition frequency, N-(z) is the 'stationary' charge state at distance
z, and z the distance between surface and atom. With this expression, the attachment
J

probability can be calculated as a function of the energy of the hydrogen atom leaving normal
to the surface. Using the experimental data from scattering experiments, under grazing angles
of incidence, of van Wunnik et al. 20 and of van Amersfoort et al. 21 we can calculate the
attachment probability. The result of this calculation is shown in Fig. I together with curves
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obtained in a similar way for a tungsten surface covered with only half a monolayer of cesium
and for a pure barium surface.

II.b Sputtered flux
In this section we will elaborate on the flux of sputtered and recoiled particles, which we

..

will refer to as the sputtered flux. Generally, this flux is equal to an incident flux multiplied
by a sputter coefficient. However, in this case we are interested in the sputtered flux of
hydrogen particles from a surface. So in this case a description with a "solid body" sputter
coefficient is inappropriate. Van Os, van Amersfoort and Los reported the use of a solid body
sputter coefficient multiplied by the probability of hitting a hydrogen atom located at the
surface. 13 This probability is related to the relative hydrogen concentration at the surface,

~ *_ c H
'VH - c
sat

r H-H'VH
~ +

[4]

where c H denotes the hydrogen concentration at the surface, c sat is the hydrogen saturation
coverage,

r H-H is the sputter coefficient for hydrogen on hydrogen and <I>H + is the incident

flux of positive hydrogen ions. The concentration of hydrogen at the surface is due to
implantation of the energetic hydrogen ions. This incident flux also erodes the tungsten
surface which gives the surface an inward velocity,

[5]

.,
where Pw denotes the volume particle density of tungsten. This motion of the surface causes
implanted hydrogen to be liberated. A second important process is the diffusion of hydrogen
in the converter material. These two processes lead to the following diffusion equation,

6

l~

dC(Z,t) _ D d2C(Z,t)
dC(Z,t)
dZ2
- vsput dZ

at - -

+

a<l>H+
(Z - rJ
_,exp - -dcsatd'l1t

,

[6]
i) c(z,O)=O

ii) c(oc,t)=O

..
where we assumed a Gaussian implantation profIle. c(z,t) denotes the relative concentration of
hydrogen, as a function of the distance to the surface and time, i.e. c(Z,t)=CH(Z,t)/csat. Dis
the diffusion coefficient for implanted particles in the tungsten bulk; r and d are the range and
deviation of the implantation profile respectively and a is the implanted fraction. The third
(iii) boundary equation for the stationary state reduces to <l>H'" = a<l>H+ - <l>des' As explained
in Ref. 20, there is a relation between sputtering and desorption of hydrogen from the surface,
depending on the incoming flux of protons. For higher incoming flux the stationary
branching ratio of sputtered relative to desorbed hydrogen shifts towards sputtering, i.e. the
total number of sputtered hydrogen atoms increases more than linearly with the incoming flux,
until a saturation level is reached.

III. CESIUM COVERAGE OF A TUNGSTEN SURFACE IMMERSED IN A
CESIUM SEEDED HYDROGEN DISCHARGE
The converter surface is exposed to a flux of positive cesium ions and hydrogen ions.
Calculations of the mean free path for ionization of thermal cesium atoms in a hydrogen
plasma indicate that with a vapor injection scheme all cesium atoms are ionized before they
reach the converter surface. Therefore in the model only cesium ions and hydrogen ions are
used as the incoming fluxes.
.J

The corresponding fluxes are denoted as <l>cs and <l>H'

respectively. For simplicity, the presence of molecular ions (i.e.

H; or H; ions) is neglected.

A fraction of all incident cesium particles is trapped at the surface, a fraction is implanted in the
tungsten and the remaining fraction is scattered. Furthermore, adsorbed particles are sputtered
by incident cesium ions and protons, which have been accelerated by the negative converter
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potential. Thus sputtering and reflection contribute to a flux of cesium particles leaving the
surface. Note, that desorption of cesium from the surface in the temperature range we are
using

« 200 .C) is negligible. The cesium particles leaving the surface are either neutral or

positively charged. The ion component returns to the surface due to the electric field in the
plasma sheath. The neutral component 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. Consequently, a loop structure
in the adsorption process develops. The resulting cesium coverage at the surface of the
converter can be calculated as is outlined in appendix I.
The incoming positive ions reach the converter with an energy E i , which is proportional to
the convert~r potential Vc minus the plasma potential VP' Ei

= e IVc - Vpi

electronvolt. In

Fig. 2 the calculated cesium coverage is shown as a function of the converter potential for
various implantation fractions

a, of cesium. The cesium ion contribution to the total ion

current on the converter, <l>cJ(<l>cs+ <l>H)' is taken equal to 1 %. For a = 100 % the curve
agrees with the measurements of Tompa et al. For

a = 0 the curve coincides with the

calculations of van Amersfoort et al. TRIM calculations yielded a constant implantation
fraction of around 80 % for the energy range 30-300 e V. Using the known relation between
cesium coverage and work function we can deduce that a minimum in the work function
occurs for a converter potential of the order of -130 V for an implantation fraction of 80 %.
Van Wunnik showed "that a lower work function results in a higher H- ion yield. 20 The
existence of a maximum in the extracted H- current as a function of the converter potential has
been observed in various sources employing cesium vapor injection.3,4 In Fig. 3, the

..

coverage is plotted versus the cesium fraction in the discharge for a typical converter potential
of -150 V for an implantation fraction of 80 % and 30 %. For low seeding fractions we see an
increase of the coverage with increasing fractions and for higher fractions the coverage
saturates. From this figure we may conclude that it is not useful to "overdose" the discharge

8
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with cesium to obtain a higher coverage, as is consistent with experimental observation
obtained at the Lawrence Berkeley Laboratory.22
In view of the considerations and calculations given above, a cesium coverage independent
of the converter potential cannot be obtained using a cesium vapor deposition method. From
the calculations it is clear that the only method of increasing the coverage is to increase the flux
of neutral cesium atoms towards the surface. The method we choose to increase this flux is to
use liquid cesium diffusing through a porous converter.

IV EXPERIMENT
The set-up of the experiment is shown in Fig. 4, the system is discussed in great detail in
Ref. 23. In summary, the plasma is produced with a hollow cathode arc discharge. The
plasma is confined by an axial magnetic field of 200 Gauss. It is bent in a V-shape to avoid
contamination of the converter with cathode material. The source contains two cathodes,
however the experiments are done using only a single one. The arc current can be varied from
5 to 35 A. The converter potential can be biased from 0 to -350 V with respect to the anode
potential.

The formed negative ions are collected in a Faraday cup after removal of free

electrons by means of a magnetic field. Furthermore, the Faraday cup can be replaced by a
magnetic analyzer with which the mass and energy distribution of the "self-extracted" negative
ion beam can be measured.
The converter is made from sintered tungsten with a porosity of 20%. Behind the porous
tungsten plate is a reservoir with liquid cesium which can diffuse through the plate. The
reservoir can be pressurized with argon gas. In a small test setup we confirmed that with this
configuration a flow of the order of 10 18 atoms cm- 2 s-1 is obtainable at a tempertaure of
.J

around 100° C. The latter is more than three orders higher than the rate with which cesium is
removed from the surface via sputtering. Operating this converter showed that it was no
longer necessary to pressurize the reservoir once the porous tungsten was saturated with
cesium. Apparently, the concentration gradients at the surface are sufficiently large to

9

replenish all cesium which is removed via sputtering. Even after seeding the discharge with
heavy ions like xenon or argon, no depletion of the surface coverage was obserVed.

IV.a Experimental Results
The mass distribution as obtained with a magnetic analyzer, described in detail in Ref. 13,
confmned that the negative ion beam contained only H- ions. The position of the peak: in the
energy distribution as a function of the potential difference between converter and detector is
shown in Fig. 5. The straight line denotes the energy expected for particles produced via
sputtering. The uncertainty in the position of the peak: is of the order of 20 %. For a
converter potential greater than 200 V the energy distribution peak: follows the straight line
indicating that the production mechanism is fully dominated by sputtering. Below 200 V there
is a contribution of directly recoiling hydrogen atoms. Measurements of the conversion
efficiency (i.e. the ratio of the extracted negative ion current and the positive ion current
incident on the converter surface) as earlier reported by van Os, Granneman and van
Amersfoort,23 show an increase at low converter potentials and a saturation at higher
potentials.
No clear dependence was observed as a function of the arc current, i.e. the positive ion
current density on the converter surface. The values obtained for the conversion efficiency are
an order of magnitude lower than values obtained with cesium seeded discharges, see e.g.
Ref. 20. Furthermore, no clear optimum is observed as a function of the converter potential,
whereas in the other sources an optimum for Vc between -100 and -200 V is reported. The
latter is probably related to the scheme we used to obtain a surface coverage of cesium. This
coverage is independent of the discharge characteristics and the converter bias, whereas, the
aforementioned maximum in conversion efficiency was observed in sources using a cesium
vapor deposition method. In section III. we showed that with such a method the cesium
coverage (Le. the work function of the converter surface) is a function of the converter bias
which accounts for the observed maximum.

10
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The conversion efficiency showed no dependence on arc current, i.e. incoming flux. We
showed in a previous report 13 that in the case of a diffusion limited process, a barium
converter, the conversion efficiency increases with increasing incoming flux. The diffusion

..
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coefficient for hydrogen in barium is 3. to-9 m2 s-1 at T=470 K 24, whereas for hydrogen in
tungsten it is to- 15 m2 s-1 25. It is safe to assume that the diffusion coefficient for hydrogen in
liquid cesium is very large compared to diffusion of hydrogen in tungsten or barium. We may
therefore conclude that any build up of a hydrogen concentration should be due to the
accumulation of hydrogen in the tungsten grains of the sintered converter. A calculation of the
actual hydrogen concentration in the tungsten grains close to the surface can be found in
Appendix II. The conclusion here is that the tungsten grains become rapidly saturated with
hydrogen. This forms a steady supply of hydrogen towards the surface layers.
At the surface the hydrogen is sandwiched between the cesium monolayer26 and the
tungsten surface, therefore we cannot simply take the sputter coefficient for incident hydr<;>gen
ions on adsorbed hydrogen in order to calculate the flux of hydrogen atoms leaving the
surface. Instead, we propose to utilize the sputter coefficient for incident particles on cesium.
In other words, it is assumed that the removal of cesium atoms from the surface results in the
liberation of hydrogen atoms. In this combined process of sputtering cesium which liberates
hydrogen, we make the crucial assumption that on the average one hydrogen atom is liberated
for each cesium atom sputtered (e.g.

rH _H == 1).

Based on this assumption we can rewrite Eq.

[4] using Eq. [2] as

[7]

.

where l1H is the ionization probability. The sputter coefficient can be calculated as a function
of the energy of the incident particles (i.e the converter potential) with the formulas of
Bohdansky.27 Fig. 6 shows the conversion efficiency as a function of the sputter coefficient
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for hydrogen on a full monolayer of cesium adsorbed on tungsten. From a least square fit of
the curve in Fig. 6 we found an attachment probability,

11H

= 0.10 ± 0.03, which is of the

same order as attachment probabilities obtained by model calculations, see Fig. 1.
To further investigate the importance of the adlayer of cesium atoms "screening" the
adsorbed hydrogen atoms, one could artificially enhance the sputter removal rate by admitting
a heavy rare gas (Xe or Ar) to the discharge. Van Os and van Amersfoort28 did such an
experiment which showed an increase of an order of magnitude of the conversion efficiency
with increasing heavy ion flux. The sputter coefficient for Ar+ and Xe+ incident on
cesium/tungsten, is rougly two orders of magnitude larger compared to incident H+. Fig.7
shows the dependence of the conversion efficiency on the total sputter coefficient, r tot = frare
rrare-Cs + fH rH-Cs, where frare and fH are the abundances of rare gas atoms and H+ ions
respectively, with frare+fH=I. Assuming again that every sputtered cesium atom results in one
sputtered hydrogen atom and plotting the conversion efficiency as a function of the sputter
coefficient in a similar way as described above only using now the total sputter coefficient
instead of the sputter coefficient of hydrogen on cesium we arrive at an attachment probability
of 11H = 0.09 ± 0.02, consistent with the earlier determined values.
V.

COMPARISON

OF

BINARY

(H-Ba)

AND

TERNARY

(H-Cs/W)

CONVERTER SCHEMES
As motivated in the previous sections, the negative ion yield froom a surface conversion
source is directly proportional to the attachment probability multiplied by the flux of sputtered
hydrogen atoms. For a binary converter (e.g. barium) the following equation describes the
dominant production process, see Ref. 20 and section Il.a. Upon the assumption that the self
sputtering coefficient for hydrogen on adsorbed hydrogen is close to unity,
equation further reduces,

12

r H-H ;:;:

1, this

\

[8]

For the ternary system (CslW) the equation which was arrived at in the previous section could
easily have been derived from Eq. 8 by adding the "screening" factor r H-Cs. In the previous

c

section we showed that the sandwiched hydrogen layer is saturated, therfore c H

""

1.

sat

[9]

Here 11~a and 11 ~s/W denotes the attachment probability for barium or cesiated tungsten,
respectively: Eq, 8 and 9 differ considerably in the following areas: i) The scaling of the
negative ion yield with the incident positive ion current density on the converter and ii) the
scaling of the negative ion yield with the density of heavy ions in the discharge. The
justification of the classification into two classes of converters [the binary (H-Ba) and ternary
(H-Cs/W) converter arrangement] will be obvious from the following experimentally observed
scatings in the two areas described above:
The first observation is outlined in Fig. 8 where the conversion efficiency, 11H, for a
barium- and a cesiated-tungsten converter is shown as a function of the incident positive ion
current density. The conversion efficiency for Cs/W is constant with positive-ion current
density. The hydrogen concentration is sandwiched between the cesium adlayer and the
tungsten substrate. Therefore, no increase is expected as shown in section IV. For barium
the conversion efficiency increases with increasing positive-ion current density. This has been
explained by (and confirmed by model calculations of) an increase of the hydrogen
concentration in the barium surface layers with increasing ion flux.
Fig. 9 shows the measured conversion efficiency for a barium and a CslW converter as a
function of the partial pressure of argon and xenon. For the cesium converter, a sharp

13
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increase is observed, when the partial pressure reaches 0.01 Pa. This is explained by an
increase in the sputter yield of hydrogen atoms (section IV.a) because sufficient hydrogen is
available for sputtering. For barium a sharp decrease is observed when the partial pressure
rises. This is

expl~ined

by a decrease of the hydrogen concentration in the barium surface

layers by the enhanced sputtering by heavy ions.

VI. CONCLUSIONS
Model calculations of the cesium household for a solid converter immersed in a cesium
seeded discharge show that the cesium coverage of the converter is a strong function of the
converter bias. The set-up we used, a porous tungsten converter with liquid cesium diffusing
through it, always has a full monolayer coverage of cesium due to the efficient replenishing of
the sputtered cesium. Moreover, this arrangement results in a low cesium content of the
hydrogen discharge which enabled us to study the effect of heavy ion sputtering in the
negative ion production mechanism.
Model calculations on the hydrogen household of this converter show that the surface
layers are saturated with hydrogen due to the very low diffusion coefficient of hydrogen in
tungsten. The hydrogen located near the surface can only be liberated via removal of cesium
from the surface by means of sputtering since the hydrogen is sandwiched between the cesium
adlayer and the tungsten. In this case we call the negative ion formation process sputter
limited. This is in contrast with experiments done with a solid barium converter, due to the
high diffusion coefficient for hydrogen in barium no saturation occurs, this regime is diffusion
limited. In the latter case, the conversion efficiency is an almost linear function of the incident
positive hydrogen ion flux on the surface, whereas for a cesium/tungsten converter no such
increase is observed. This led us to categorize surface conversion sources into two groups: i)
binary system (like H-Ba) where the adsorbed hydrogen in the surface layers is directly

14
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sputtered by the incoming ions, and ii) ternary system (like H-Cs/W) where the adsorbed
hydrogen in the surface layers is indirectly released via the sputter removal of adlayer atoms.
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Appendix I
The evolution of the cesium coverage is calculated as follows. The surface is exposed to
the involved fluxes for an incremental time of dt seconds and the loop structure initiated by
this incremental exposure. A rate equation is obtained from a balance of source and sink
terms. The equilibrium coverage due to adsorption can be found by determining the time
independent solution of this rate equation. Van Amersfoort et. al found for the coverage, SCs
(in monolayers) due to adsorption; 29

S

(l-a){P(E i,Scs)+ llcsC Scs)[I-P(E i,Scs)]} <l>cs
Cs,a- {1-11cs(Scs)} {rcs-cs(Ei,Scs)<l>cs+rH-cs(Ei,Scs)<l>H}

[A.I.l]

where a is the implanted fraction, Ei is the incident energy, P(Ei,Scs) is the trapping
probability for cesium ions and llcs(Scs) is the ionization degree of the sputtered cesium
particles as a function of the surface coverage. r cs-cs(Ei,Scs) and r H-cs(Ei,Scs) are the
sputter coefficients, respectively for incident cesium and hydrogen ions on an adsorbed
cesium layer on tungsten.
So far we did not discuss the consequences of the cesium ions that are implanted into the
tungsten surface. Tompa, Carr and Seidl set up a model to calculate the equilibrium coverage
due to implantation.30 Their model is based upon a differential equation analogous to Eq. [6].
The only difference is that they accounted for the effect that implanted cesium particles in the
tungsten bulk result in a rearrangement of the tungsten. For hydrogen as incident particles,
this effect can be neglected. In their model we defmed the incoming flux as <l>in = <l>H + <l>Cs'
For the determination of the cesium coverage, only the sputtering of the target material by
hydrogen ions is relevant, implantation of hydrogen into the tungsten surface is not described.
If diffusion is neglected, the result of this model is the following analytical expression
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[A.I.2]

where

K

r H-w(E i )

can be calculated from the measurements of Tompa et al. and

r cs-w(Ei )

and

are the sputter coefficients for incident cesium and hydrogen ions on tungsten,

respectively.3 1 The factor

J3 is defined by

<l>H=

J3 <l>Cs.

This gives an additional source tenn

in the rate equation as fonnulated by van Amersfoort et al. 29 . The steady-state solution of the
rate equation can be written as the following implicit equation,

The implantation fraction

<X

determines which of the two processes, adsorption or

implantation, is dominant
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Appendix II
In order to calculate the hydrogen concentration in the tungsten grains we idealized the
sintered converter as made up from a stack of tungsten cylinders with varying diameters, with
typical dimensions of the order of 10 J.1m, immersed in liquid cesium. Only the front surface
of the cylinder is exposed to the incoming flux of hydrogen ions. Due to diffusion of
hydrogen in the tungsten cylinder (grain) it will eventually arrive at the boundary of the
cylinder. At this point the hydrogen can either dissolve into the liquid cesium or diffuse along
the cesium tungsten interface. Both processes are believed to be much faster than the
diffusion process inside the tungsten, which means that we have an efficient removal of
hydrogen at the cylinder surface. Therefore, we assume that at the boundary of the cylinder
the concentration of hydrogen is close to zero. For this cylinder we have to solve Eq. [6].
The ratio of these differntentials on the right hand side in Eq. [6] can de expressed as

D
vsput

K=---

[A.II.I]

W

where w is a typical dimension in the process, e.g. the implantation depth. Substitution of
numerical values gives a value for

K

of the order of 400 which means that we can neglect the

motion of the surface in Eq. [6]. Furthermore, we assume that the incident flux of hydrogen
is implanted directly at the surface, i.e., as a delta function rather than providing a gaussian
implantation profIle.
This gives us the following differential equation in cylindrical coordinates for one of the
tungsten cylinders with radius a;

I dc(z,r,t) d 2c(z,r,t) 1 dc(z,r,t) d 2c(z,r,t)
D
dt
=
ar2 +
ar + dZ2

r

for: r = a , c(z,r,t)

=0

and

for: z = 0, _ D
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0

~ r < a,

dc~~r,t) = a

z > 0,
<l>H+
Csat

[A.IL2]

Iv

where z is the position along the cylinder, r is the radial coordinate of the cylinder, D the
diffusion coefficient of hydrogen in tungsten, a the implantation fraction and <l>Ji+ the incident
flux of hydrogen ions. The time independent solution of Eq. [A.ll.2] can be derived from an
analytical solution of an analogous heat diffusion problem by Cars law and Jaeger.3 2 They
found for a semi-infinite cylinder with zero concentration at r = a and in which the front
",I

surface has a concentration defined by c(o,r) == f(r):

00

2 LJo(ra
c(z,r) = 2:
J ( n)) exp(-an z)
a n=l 1 ran

J

r f(r) JO(ran) dr ,

[A.II.3]

where an are the positive roots of Jo(aan) = 0 and Ji represents the i-th order Bessel function.
In our calculations we took f(r) = c (constant) and calculated DdC/dZ1z=O to match the incoming
flux of positive hydrogen ions according to the second boundary condition in Eq. [A.II.2].
For an incident hydrogen ion flux of 20 mA/cm2 (=,= 1017/cm2 s) a hydrogen concentration is
obtained of the order of the number density of tungsten, which becomes larger for larger grain
diameters. Hence, we conclude that in the case of a sintered tungsten converter filled with
liquid cesium, the tungsten surface layers are always saturated with hydrogen .

..,l
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FIGURE CAPTIONS
Fig. 1

The attachment probability as a function of the energy with which the hydrogen atom
leaves normal to the surface. The heavy solid curve is for half a monolayer of cesium
on tungsten, the dashed line is for a cesium surface and the fine solid line for a
barium surface.

Fig. 2

The calculated cesium coverage of the converter surface as a function of the converter
potential for various implantation fractions.

Fig. 3

The calculated cesium coverage of the converter surface as a function of different
cesium seeding fractions for a converter potential of -150 V and for implantation
fractions of 30 and 80 %.

Fig. 4

Experimental arrangement of the Amsterdam Light Ion Conversion Experiment
(ALICE).

Fig. 5

The measured position of the peak in the energy distribution vs the potential
difference between converter and detector.

Fig. 6

The conversion efficiency as a function of the sputter coefficient for hydrogen on
adsorbed cesium.

Fig. 7

The conversion efficiency as a function of the total sputter coefficient for a xenon or
argon seeded hydrogen discharge.
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L,

Fig. 8

The conversion efficiency as a function of the incident positive-ion current density for
a barium and a cesiated tungsten converter. Converter potential is -250 V. No
pressure is applied to the cesium reservoir. Lines are shown to guide the eye.

Fig. 9
-./

The conversion effeciency as a function of the partial gas pressure of a rare gas
additive for a barium and a cesiated tungsten converter. Converter potential is -200
V. No pressure is applied to the cesium reservoir. Lines are shown to guide the eye.
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