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ABSTRACT 

We review some salient features of the experimental and theoretical data 
pertaining to hydrogen negative ion generation on minimum-work-function 
composite surfaces consisting of Cs/transition metal substrates. Cesium or 
hydrogen ion bombardment of a cesium-activated negatively-biased electrode 
exposed to a cesium-hydrogen discharge results in the release of hydrogen 
negative ions. These ions originate through desorbtion of hydrogen particles 
by incident cesium ions, desorbtion by incident hydrogen ions, and by 
backscattering of incident hydrogen. Each process is characterized by a 
specific energy and angular distribution. The calculation of ion formation in 
the crystal selvage region is discussed for different approximations to the 
surface potential. An ab initio, all-electron, local density functional model 
for the composite surface electronics is discussed. 
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I . Introduction 

The generation of hydrogen negative ions in part icle-surface col l is ions 

on composite surfaces that are selected for the i r minimum work funct ion, <f, 

has provided an ef fect ive mechanism for the developement of surface-type 

negative ion sources. These sources taKe the form of a negatively-biased 

cesium-activated surface (the converter) exposed to a hydrogen discharge. ' 

The discharge provides a source of hydrogen and cesium ions that impinge on 

the converter with a k ine t ic energy equivalent to the converter po ten t ia l . 

The discharge also proviaes a f lux of energetic neutrals, of uncertain energy 

d i s t r i ou t ion , that contribute an additional component to the to ta l converter 

par t i c le f l ux . The return hydrogen f lux emitted by the converter has several 

components each with i t s own peculiar energy and angular d i s t r i bu t i on : the 

cesium-desorbed component, a desorption component caused by the incident 

hydrogen par t ic les, and an energetic component consisting of backscattered 

incident par t ic les. I f the sample of converter substate materials includes 

metals that occlude hydrogen to form metal hydride crystals, e.g. TiHL, FeHz, 

versus materials that re ta in hydrogen pr inc ipa l ly as an adsorbed layer, e.g. 

Mo, the desorption component can be subdivided into a sputtering y ie ld of 

hydrogen part ic les emitted from the in te r io r of the crys ta l , and, a surface 

desorption y ie ld of par t ic les released from the adsorbed surface layer. 

Experimental data is accumulating that distinguishes these return f lux 

components and the i r re la t i ve magnitudes and angular d is t r ibu t ions . 

The return f lux of atoms from the converter captures electrons from the 

metal for conversion to negative ions wi th in a distance of 10 A of the 

surface, out the f i n a l concentration of negative ions relaxes to the 

equil ibr ium concentration over a somewhat larger distance. The electron 
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capture and loss processes in the crystal selvage region are sensitive to the 

details of the surface electron density distribution. Some progress on the 

calculation of these processes has been achieved using approximate potentials 

for the surface region. 

In the following sections we shall review some of the recent desorption 

and backscattering data and discuss recent ab initio calculations that deal 

with the evaluation of the surface potential. An earlier review together with 

several recent papers dealing with backscattering and desorption are given in 

the reference section. 

11. Desorbtion and Backscattering Distributions 

We discuss some recent experimental and theoretical desorption and 

oackscattering data that bears directly on negative ion source operation. The 

desorption of negative ions by cesium ion bombardment of a composite Cs/Mo 

surface has been observed by Seidl and Pargellis. In their experiment the 

cesium coverage was chosen to correspond to an optimum H yield. Figure 1 

shows their data for the distribution in energy of desorbed negative ions cor 

cesium ions incident with energies ranging from 500 to 2000 eV. The observed 

distributions can be platted as a universal function of E/E , where E is 

the incident energy. The maximum of the distribution occurs in the range one 

to one and a half percent of the incident cesium energy. The maximum energy 

that a cesium ion can impart to a hydrogen atom in a binary collision is given 

by 

E(MAX)/ p =i-!0M = .03 , (1) 
o (m+Mr 

where m and i«1 are the respective masses. The distribution of Fig. 1 falls to 
zero near 3%. 
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Evidence for both a hydrogen and a cesium desorption peak for Cs/Ho and 

Cs/W converters exposed to a hydrogen discharge has been oDtained by Leung, 
Q 

Ehlers, and Van Bommel. Figure 2 shows the measured negative ion distribution 

as a function of the negative ion energy for a converter biased at 100 volts 

and exposed to a cesium-free hydrogen discharge. At the top of the figure 

shown by the solid curve is the calculated hydrogen desorption distribution 
3 for hydrogen embedded in a tungsten surface. The principal feature of this 

upper distribution is the maximum in energy that occurs at 10% above the 
converter potential. Also shown for comparison is the hydrogen sputtering 
yield for 100 eV protons incident on TiH ?. In the lower portion of the 
figure is shown the observed distributions for two mono-crystalline and two 
polycrystalline cesium-free substrate materials. The distributions rise to a 
maximum at 110 eV then fall slowly to a maximum ion energy of 200 eV. An 
incident proton backscattering with full energy will appear as a 20U eV H" 
ion. The high energy portion of these distributions is interpreted as the 
backscattering components with the low energy maxima nea.- 110 eV interpreted 
as a hydrogen desorption maximum. 

If sufficient cesium is admitted into the discharge to optimize the total 
negative ion yield, the yield is increased approximately a factor of one 
hundred over the conditions of Fig. 2. With the addition of cesium, a new 
low-energy peak appears below the hydrogen desorption peak. 

This new distribution is shown in Fig. 3. A distinct maximum occurs at 
the converter potential. Based upon the Seidl-Pargellis data one would expect 
a cesium desorption peak near 1.0 to 1.5 eV. The new maximum in Fig. 3 is 
consistent with this value to within the resolution of the spectrometer. The 
spectrometer is oriented so as to accept negative ions emerging normal to the 
converter surface within an angular resolution of about ten milliradians. 
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Both the cesium desorption component and the hydrogen desorption components 
will be emitted with apparent angular distributions broader than the 
resolution of the spectrometer, the more so in the case of the hydrogen 
component. The distributions shown in Figs. 2 and 3 confirm the existence of 
both a cesium and hydrogen desorption component although the relative 
magnitude of the integrated components is uncertain. 

g In a separate experiment, Wada, Pyle, and Stearns have exposed a 

rotatable Cs/Mo converter to a hydrogen discharge; the parameters of the 
system are adjusted for minimum-work-function cesium coverage and optimum 

H'yield. The rotation of the converter introduces a polar angle between the 

surface normal and the line of site to the spectrometer allowing for a full 
measurement of the negative ion energy and angular distributions. If a proton 
backscatters from the converter at full energy the resulting negative ion is 

accelerated away from the converter with energy equivalent to twice the 
converter potential. If the proton scatters 90° at the converter and with 

full energy the resulting negative ion will have an apparent polar angle of 
45°. A particle scattered at 90° with less than full energy will exhibit 
a smaller polar angle. Corresponding to a particular polar angle there is a 

minimum energy for the negative ion. 

The measured energy-angle distribution for a converter potential of 150 

volts is shown in Fig. 4. At each polar angle the energy threshold is 

apparent. For 0 polar angle the familiar low energy peak and high energy 

backscattering distribution are evident. The low energy peak reaches its 
maximum at about 6% (9 eV) of the incident proton energy and is largely 

obscured by backscattering at 10% of inrdent proton energy (beam energy 110% 
of converter potential). By integrating over the full azimuth at fixed energy 
and polar angle, then summing over all polar angles Wada et al., have obtained 
the full energy distribution shown in Fig. 5. 
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If the low-energy peak is confined to about 10% of the incident proton 

energy (110% fraction of converter potential, Fig. 5) and the remainder of tne 
energy distribution is interpreted as backscattering, then the backscattering 
component is about an order of magnitude larger than the low energy desorption 
component. The principal portion of the backscattering component appears at 
polar angles of ten to thirty five degrees. 

III. Formation, Survival, and Production Probabilities 

The production probability is defined as the fraction of return flux 

atoms t!:at are converted to negative ions in the selvage and survive as 

negative ions to infinity. In theoretical discussions for the calculation of 

the production probability it is sometimes convenient to factor this 

probability into two factors, a formation and a survival probability. Tne 

formation of negative ions occurs relatively close to the surface and is 

sensitive to the details of the surface electronics. The survival of negative 

ions as they recede to infinity is a less uncertain quantity since it relies 

mainly on details of the surface potential at relatively large distance from 

surface where the potential is approximated by the image potential. The 

calculation uf the survival probability for negative ions moving away from a 

cesium metal surface is in fair agreement with the experimental 

observations. 

For a composite surface consisting of a minimum work function coverage of 

cesium over a transition metal substrate we have adopted the schematic 

potential configuration for the active electron shown in Fig. 6. Referring 

to the lower portion of the figure, at close seperations the energy level of 

the active electron is comparable to or lower than the fermi level of the 
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composite surface and eletron capture from the surface to form the ion can 

occur. At large distances from the surface the negative ion "looks back" to 

see an image potential and a surface dipole potential that impedes the loss of 

the electron back to the metal. The magnitude of the dipole layer, A<]>, is 

taken to be the difference in work function of the clean substrate and the 

composite surface at minimum work function, <]) . The production probability is 

clearly a function of <b and A<t>. The effect of the dipole potential layer is 

to profoundly affect the magnitude of the survival probability, enhancing the 

survival probability by a factor of ten or more for few-volt ions. Criteria 

have been mentioned for maximizing A<t> by the selection of appropriate 
12 substrates. For a particular substrate material, a polycrystalline sample 

that exhibits several crystal faces will give a poorer A4> than a monocrystalline 
faced crystal selected for optimum AI|J. 

Using the concept of a production probability factored into a formation 
and survival probability, a model has been developed for the interpretation 
of negative ion formation by backscattering of normally incident particles on 

14 alkali metals. The model has also been applied to a composite surface, 
Cs/Ni. Using the model as a basis for extrapolation to lower energies a 

production probability of 58% is projected for 25 eV backscattered 

particles. 

An alternative formulation of the problem has been developed by the FOM 
group in which the production probability is calculated directly. In 

their model the image potential is extended downward to the bottom of the 
conduction band and the dipole potential is term is ignored. By retaining a 

single adjustable parameter, the experimental data can be reproduced. In a 

parallel experimental program the production probability is measured directly 
in a low angle glancing collision of protons on Cs/W(110); production 
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probabilities up to 45% are observed. ' This experinerc also demonstrates 
an enhancement, by a factor of two to three, of yields from a monocrystal line 

19 W(110) substrate compared with a polycrystal1ine w substrate. 
With reference to the backscattering yield, an important distinction 

occurs for the case of particles incident normal to the convertor surface 
compared to the case of glancing incidence. In the former case the analysis 

requires that the total negative ion yield be factored into a particle 
reflection probability and a production probability. While in the case of 
glancing collisions the reflection probability can be approximated by unity 

and the production probability is observed directly, For comparison with 

theoretical models the glancing collision data is often mure immediately 
applicable, while for ion source technology needs the full normal incidence 

yield is essential. 

IV. An Initio Calculation of Surface Electronics for Composite Surfaces 

As a step towards calculating a precise value for the production 
probability we have initiated ab initio calculations for cesium overleyers 
on W and Mo. The first step in this series is the calculation of a c(2x2) 
structure of cesium overlaying a '.j(001) slab. The c(2x2) structure 
corresponds to a full monolayer of cesium, twice the coverage of the p(2x2) 
configuration that yields the work function minimum. The selection of the 
larger coverage considerably simplifies the numerical work while providing 

important insights into the more general problem. 
20 These calculations are described in detail in a recent paper. We 

Shall summarize here only the principal features. The analysis is based on 

all-electron local density-functional results using the self-consistent 



-9-
? 1 full-potential linearized augmented plan wave (FLAPW) method Tor thin films. 

The specific calculations consist of (l)a S-layer and 7-layer slab of u, (2) 
an unsupported Cs monolayer, and (3) Cs in a c(2x2j structure on both sides of 

a 5-layer w slab for the different Cs-W seperations. We find tnat Cs forms a 

polarizea-metallic rather than an ionic overlayer: the Cs valence electrons 
originating from the atomic 6s states are polarized towards the W surface 

leading to an increase of electronic cnarge in the Cs/w interface region and a 
depletion of electronic charge on the vacuum side of the overlayer. In 

addition, the semi-core Cs-5p electrons are markedly counter-polarized. The 

net result of these multiple surface dipoles is a lowering of the work 
function upon cesiation from a 4.77 eV (clean 5-layer W slab) to l.'/i, 2.5b, 

and 2.28 eV depending on the height of the Cs atoms above the W surface of 
2.6G, 2.75 and 2.90 A, respectively. The Cs induced changes in the charge 

density are essentially localized outside the surface W atoms. As an example 
of these results we show in Fig. 7 the effective one electron potential. 

The extension of this calculation to determine the mii.imum work function 
of the p(2x2) configuration (in progress) will be discussed as will be new 
results of similar studies for the c(2x2) Cs/Mo(001). 

V. Conclusions 

The surface generation of negative ions is now established as an essential 
component in aevelopment of direct-extraction type negative hydrogen ion 
sources. Several processes contribute to the negative ion generation including 
cesium and hydrogen desorption and hydrogen backscattering. The enhancement 
of the specific yield of negative ions per incident particle onto the converter 
is possible through the proper selection of substrate materials in the 
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Cs/substrate complex. The optimum system has probably not yet been identified. 
A precise value for the production probability depends on the details of tne 
surface electronics. Ab initio calculations for the composite Cs/W system have 
indicated the origin of the work function lowering in the c(2x2) overlayer 
configuration as due to multiple surface dipoles generated by the polarization 
of the cesium overlayer. 
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Figure Captions 

Figure I. The negative ion energy distribution function versus energy 

measured in units of the incident cesium ion energy. Data for 

cesium ions with energies ranging from 500 to 2000 ev incident upon 

a Cs/Mo surface. Data taken from Ref. 7. 
Figure 2. Particle energy distributions from Cs-free converters biased at 

-100 volts. Upper curves: desorbed hydrogen energy spectrum 
calculated for incident protons; sputtered hydrogen energy 

distribution for protons incident on TiH-, Ref. 3. Lower curves: 

observed negative ion spectra from several substrates, Ref. 8. 
Figure 3. Negative ion energy distributions observed for Cs/substrate 

converters for several substrate materials, Ref. 8. 
Figure 4. Energy versus polar angle distribution of negative ions from 

minimum work function Cs/Mo converter. Converter bias -150 volts. 

Ref. 9. 
Figure 5. Total negative ion distribution versus fraction of converter 

potential obtained by integrating the distribution of Fig. 4 over 

azimuth and polar angle. 
Figure 6. Upper portion: Variation of composite surface work function with 

cesium coverage. Lower portion: Schematic of effective potential 

seen by active electron, Refs. 3, 10. 
Figure 7. Effective one-electron potential for c(2x2) Cs on W(001) (d = 2.60 A) 

in the (110) plane perpendicular to the surface. $ denotes the 

work function of the system. 
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