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ABSTRACT 

We describe three experiments in which H" or D" ions have been 

produced by back scattering from surfaces coated with a lkal i metals: 1) 

Backscattering of H" and D" produced by 0.15- to 4-keV/micleus 

^ H j , D j , and O3 bombarding clean targets of Cs, 

Rb, K, Na, and L i . For each target, the H" and D" y ie lds were 

maximized at incident energies between 300 and 1200 eV/nucleus and 

always at a lower incident energy for H than for D on a given target. 

At any given incident energy, both the H" and 0" y ie lds decreased in 

going from Cs to Li in the order given above. 2) A Ho surface was 

bombarded by a low-energy f lux of H atoms produced in a tungsten 

furnace. As the surface work function was reduced by evaporating Cs 

onto the target, a small f ract ion t lO" 9 ) of the incident hydrogen 

atoms was observed as backscattered H" ions. 3) Surfaces of Ho, W, 

Pt, N i , Cu, Re, Ta, and Pd were bombarded by hydrogen ions produced in a 

discharge. Two classes of H" ions were observed when Cs was added to 

the discharge — H" ions leaving the surface with approximately < 10 

eV and H" ions leaving the surface with approximately 50 to 100 eV. 



I. Introduction 

The weak (0.75 eV) electron a f f i n i t y of H" Ions makes them Ideal 

for the production of energetic beams of atomic hydrogen: H" ions are 

accelerated to the desired energy, and the energetic atomic beam is 

produced by co l l i s iona l or photo detachment of the electron. 

Hilliampere beams of H", produced by di rect extraction from a plasma 

source or by charge exchange of a proton beam in a gas or metal-vapor 

target, have been used for many years for negative-ion cyclotrons and 

polarized ion sources; in the past few years, the need for multi-ampere 

beam of > 150 keV hydrogen and deuterium atoms for the heating of fusion 

plasmas has prompted interest in alternate ways of producing negative 

hydrogen ions. 

Several years ago we observed that hydrogen beams transmitted 

through th in carbon f o i l s contained large fractions of D" (12 percent 

for 8 keV D beams) when the ex i t surface was coated with a clean layer 

of Mg , "d i r t y " ex i t surfaces, or clean coatings of Nb or Au, showed 

no enhancement of the negative ion component. Because of the large 

angular spread of a beam emerging from a f o i l , th is was not a practical 

method for producing D" beams, but th i s experiment indicated that 

electron capture from a properly chosen surface could result in 

s igni f icant negative ion production. Hence, when Belchenko, Dimov, and 
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Dudnikov' reported enhanced H" yields from an ion source when Cs was 

added to the discharge, we in i t i a ted an experimental program to 

investigate H" formation by backscattered part ic les from substrates 

coated with clean surfaces of the a lkal i metals. > These experiments 

xere l imited to backscattered energies above 150 eV/nucleus. 

Theoretical work by Belchenko, Dimov, and Dudnikov , Hiskes, Karo, 

and Gardner5, Hiskes and Karo , and Kishinveskii , suggested the 

energy range of interest for surface production of H" might be lower 

than that covered by the above experiment. A second experiment, in 

which thermal hydrogen atoms were produced in a tungsten furnace, was 
Q 

performed to explore the very low energy end of the spectrum. 

A th i rd experiment, in which cesiated surfaces were bombarded by 

ions from a hydrogen discharge , is less quantitative than the f i r s t 

two experiments but provides qual i tat ive information on the H" 

formation process in the intermediate energy range (tens to hundreds of 

eV). 

In th is paper we summarize the results of these three experiments. 

More detailed information can be obtained from the references. 
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I I . Backscattering of 0.15- to 4- keV/nucleus Hydrogen and Deuterium 

A beam of D£ (Hg) and D3 (H3) ions was extracted 

from a hot-filament discharge, accelerated to the desired energy, and 

momentum selected with a 30° bending magnet before entering the 

experimental chamber, which is described in greater detail in References 

3 and 4. The apparatus within the chamber (Figure 1) was designed 

around two rectangular plates, perpendicular to the beam l i ne ; an 

aperture in the f i r s t plate (the col lector) allowed the beam to pass 

through to the second plate (the target) from which D" (H~), D° 

(H°), D (H ), e" as well as sputtered part ic les were emitted. 

The col lector was used to monitor the negative-ion current; therefore, 

a l l other charged part ic les had to be prevented from reaching or leaving 

i t : An electr ic f i e l d between the target and col lector plates prevented 

posit ive secondary ions from reaching the col lector and a transverse 

magnetic f i e l d suppressed secondary electrons. Also, an upbeam 

coll imator shielded the col lector from the primary beam. This 

coll imator was the endplate of a Faraday cup (the collimator-Faraday 

cup) which was used to determine the tota l current incident onto the 

target : The to ta l incident current was determined by the difference in 

current readings from the collimator-Faraday cup when the beam was 

deflected into the cup and when i t was steered through the cup by a pair 

of upbeam deflection plates. The negative ion secondary emission 

coef f ic ient (NISEC) was determined by taking the rat io of the col lector 
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current to the to ta l incident current and dividing by the number of 

deuterons (protons) per incident molecular ion . Clean alkal i-metal 

targets were deposited on a l iquid-nitrogen-cooled substrate in the 

cryopumped experimental chamber, which was maintained at a pressure less 

than 10~9 Torr during the measurements. An S.A.E.S. alkali-metal 

dispenser, mounted on a bellows, could be positioned between the target 

and col lector plates to coat the target area. The thickness of the 

alkali-metal layer was control led by varying the current through the 

dispenser (6 to 8A) and the evaporation time. 

The experiment was divided into two parts: (1) clean, th ick, 

alkali-metal targets (Cs, Rb, K, Na, and Li) and (2) th in coverage of Cs 

on a Ni substrate. For the thick targets, the incident energy of the 

hydrogen and deuterium ions ranged from 0.15 to 4 keV/nucleus and for 

the thin-coverage targets the range was from 0.4 to 0.9 keV/nucleus. 

In Figures 2 and 3 we show the measured thick-target H" and D" 

yields for Cs, Rb, K, Ha, and L i . The estimated standard uncertainties 

are +_ 10 percent. 
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There are several features worth noting: 

{ ! ) Al l the targets show a maximum in the H" (0") 

y ie lds . 

(2) The maximum value of the H" (D~) y ie ld decreases 

in the order Cs, Rb, Na and Li at any incident energy. 

(3) The higher the maximum value of the H" (D") y i e l d , 

the lower the incident energy at which i t occurs. 

(4) For any given target the maximum in the D" y ie ld i s 

less than or equal to the maximum in the H" y ie ld and 

occurs at a higher incident energy than the H" maximum. 

(5) The H" y ie ld per incident proton is the same for H ? 

and H, ions incident, and the D y ie ld per incident 

deuteron is the same for D~ and ot incident, but, 

at a given incident energy, the D" and H" y ie lds are not 

equal. 

These results are in good agreement with a model in which the H" 

y ie ld is calculated from a product of the probabi l i ty of ref lect ion of 

the primary beam, the probabi l i ty of formation of H" at the surface, 

and the probabi l i ty of survival as the H" (D~) ion moves away from 

The thin-coverage measurements were made using cesium on a Ni 

substrate. This combination of materials was chosen because of the low 
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value of the minimum work function (1.6 eV) 1 1 which can be obtained at 

a fract ional Cs monolayer coverage of the Ni surface, and because Ni was 

a convenient material to work with. In Figure 4, we show the change in 

the surface work function and the backscattered D" y ie ld as the Cs 

coverage is increased on a Ni substrate which was cleaned by abrasion 

before being instal led in the vacuum chamber. The substrate was heated 

to about 1400K, hot enough to deposit a c lear ly v is ib le Ni layer on the 

facing col lector plate in about 30 minutes, at a background pressure of 

10 Torr, and was allowed to cool to room temperature over night at a 

background pressure of 4 x 10 Torr before the Cs was evaporated. 

I t can be seen in Figure 4 that the maximum in the backscattered D~ 

y ie ld occurs at the Cs coverage that produces the minimum work funct ion, 

for both 170 and 550 eV/d incident energies. The maximum D" y ie ld of 

0.14 for th in coverage is almost twice as high as the maximum of 0.08 

for thick Cs. The variat ion of the backscattered D" y ie ld with 

incident energy, as the Cs coverage is increased on a Ni substrate, i s 

i l l us t ra ted in Figure 5. The backscattered 0" y ie ld curves show a 

def in i te change in energy dependence as the Cs coverage is increased: 

At low Cs coverages the D" y ie ld decreases as the energy decreases; at 

optimum Cs coverage (evaporation no. 9) the D" y ie ld increases with 

decreasing energy; and at thicker coverage (evaporation no. 11) the D" 

y ie ld again decreases with decreasing energy. This change in the energy 

dependence may be explained by a hypothesis presented by Hiskes and 

Karo for D" y ie lds from W with a part ial monolayer of Cs coverage: 

At par t ia l monolayer coverages, near the minimum in the work funct ion, 
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an e lect r ic dipole layer is produced at the Cs — substrate interface, 

which greatly enhances the probabi l i ty of survival of the D". The 

probabi l i ty of r.urvival dominates the backscattered D' y i e l d for 

incident energies below a few hundred eV, so that any change in the 

survival probabi l i ty should be apparent in the D" y i e l d . For higher 

incident energies, the D" y ie ld depends more upon the probabi l i ty of 

formation than survival , so that the ef fect of the dipole layer w i l l not 

be as pronounced. 
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I I I . Backscattering of Thermal H Atoms 

The apparatus for th is experiment i s shown in Figure 6. A vacuo 

chamber was divided into two d i f fe ren t ia l l y pumped sections. In one 

sectior. an atomic hydrogen source (a tungsten tube furnace) was 

located. The second section of the chamber contained the molybdenum 

target assembly, the negative ion detector, the cesium dispenser and the 

workfunction measuring fi lament. The two la t te r devices could be 

al ternat ively positioned in f ront of the target . The target region was 

pimped by a cryopump and a low-magnetic-field ion pump. Ions from the 

surface were detected with a quadrupole mass spectrometer. A more 

detailed description of the apparatus is available in Reference 8. 

When H atoms were incident on an untreated Mo surface, i . e . , one 

onto which no Cs had been deposited, a background count rate of less 

than 100 counts/sec was observed, independent of quadrupole voltage. 

However, when Cs had been evaporated onto the surface a sizeable signal 

at mass = 1 was obtained. Similar results were obtained with D atoms 

incident, and the quadrupole mass f i l t e r , used to detect the negative 

ions, showed a peak at mass 2. 

The variat ion of the negative ion y ie ld with successive Cs 

evaporations was simi lar for a l l measurements for both incident 
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deuterium and hydrogen atoms. In a l l -̂ ases the negative ion signal 

i n i t i a l l y rose rapidly with decreasing workfunction, reached a maxln.um 

value, and then started to iscraase, even though the workfunction 

remained constant. 

The reason for a pronounced decrease in the negative ion y ie ld at 

higher Cs coverages i s unclear, but o u l d be due to a change in the 

ref lect ion coef f ic ient f o r the incident atoms on the surface as the Cs 

coverage increases. There exists l i t t l e information at present on 

ref lect ion coef f ic ient effects at these low energies. For furnace 

pressure and temperature conditions which would produce a calculated 

incident hydrogen atom f lux of about 10 atoms/sec, the maximum f lux 

of negative ions from the surface was about 4 x 10 /sec. The 

conversion rate to negative ions is c lear ly extremely small. 

The negative ion signal was investigated as the furnace temperature 

and pressure were varied. I t was shown that for a f ixed furnace 

temperature the negative ion signal was proportiona'i to the hydrogen or 

deuterium gas pressure, whereas the negative ion signal was found to 

decrease rapidly with decreasing furnace temperature for a given gas 

pressure. 

As the furnace temperature was varied, while the input pressure was 

kept constant, both the total number of H atoms and the energy 

d is t r ibu t ion of those atoms changed. With a suitably chosen combination 

of pressure and temperature changes, i t was possible to maintain the 
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same to ta l f lux of hydrogen atoms while varying the energy d is t r ibu t ion , 

thus changing the number of atoms in the beam which exceeded part icular 

energies. The calculated variat ion in the number of atoms with energies 

exceeding either 1, 2, 3 or 4 eV is shown in Figure 7. Also shown are 

the measured relat ive yields of negative hydrogen and deuterium ions 

produced with the furnace operating under these conditions. Clearly the 

negative ion y ie ld i s strongly dependent on the energy d is t r ibut ion in 

the atomic beam. Apparently most of the negative ions are produced by 

atoms in the beam with energies greater than 3 e^. 
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IV Surface Production in a Hydrogen Discharge 

In th is experiment targets of Mo, W, Pt, N i , Re, Ta, or Pd were 

bombarded by hydrogen ions from a discharge ; Cs could be added to the 

discharge to produce cesiated surfaces. A schematic diagram of the 

experimental arrangemert i s shown in Figure 8. The device i s a 

cyl indr ical multi-cusp ion source (20 cm diam by 14 cm long) with the 

open end enclosed by a three-grid extraction system. The chamber i s 

surrounded externally by 10 columns of samarium-col bai t magnets <B 

approximately 3.6 kG) to form a line-cusp configuration for plasma 

confinement. A steady-state hydrogen plasma is produced by primary 

ionizing electrons emitted from two 0.05-cm-diam tungsten filaments 

which are biased at -60 V with respect to the source chamber wall 

(anode). No actual source pressure has been measured, but in normal 

operation the pressure indicated by a gauge located downstream after the 

mass spertrometer was 2 x 10 Torr. In order to generate 

surface-produced H" ions, a moveable, concave molybdenum converter (3 

cm high by 5 cm long) is inserted into the plasma through a high-voltage 

insuiator iiounted on the end flange. By biasing the converter negative 

with respect to the anode to a potential V posit ive ions from the 

plasma are accelerated across the sheath and str ike the converter 

surface. Any H" ions formed at the surface wi l l then be accelerated 
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back across the sheath by the same potent ia l . They pass through the 

plasma and the extraction slot ar;d are focused geometrically at the 

entrance aperture of the mass spectrometer. In th is source, cesium was 

deposited on the converter surface by evaporating the metal d i rect ly 

into the plasma from two 10-cm-long S.A.E.S. getter dispensers. The 

amount of cesium introduced could be control led by adjusting the heater 

current of the dispenser s t r ips. 

With a pure hydrogen discharge, only a very small negative-ion 

signal was observed; however, when Cs was introduced into the discharge 

measurable quantit ies of H" ions were produced. The H" y ie ld 

increased with increasing Cs concentration. The optimum H" y ie ld was 

obtained with a bias potential of -200V on the converter (FigLre 9) . 

In order to investigate d i f ferent converter materials for use with 

the self-extrac*ion negative ion source, a rotat ing converter disk with 

four d i f ferent materials brazed on the four quadrants was employed. 

This converter was instal led in the multi-cusp ion source (Figure 8) 

equipped with one ^x i t aperture so that only the negative ions generated 

by one portion of ' i e converter disk would exi t from the source. The 

source was operated in the presence of cesium and the converter was 

biased at -?n0 V with respect to the anode. The -.nergy spectrum of the 

"self-extracted H" ion beam was detected by the mass spectnweter. 

With this arrangement, the y ie ld of I" ions for each metal could be 

compared under identical conditions of gas pressure, discharge power, 

cesium environment and converter potent ia l . 
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Figures 1 0 - 1 2 show the energy spectrum of the H" ions produced 

by Ho, W, Pt, Mi, Cu, Re, Ta, and Pd. The shape of the spectrum d i f fe rs 

from one material to the other. In general, two d is t inc t groups of 

surface-generated H" ions can be iden t i f i ed . The energy of one group 

is approximately equal to the sheath potent ia l , indicat ing that the ions 

leave the converter surface with l i t t l e or no energy. One possible 

explanation is that these H" ions are produced on the converter by a 
? l ? desorption process. ' The H" ions can be desorbed from the 

converter when posit ive ions enter the surface layer provided the energy 

transferred in the co l l i s ion is equal to or greater than the adsorption 

energy of hydrogen. In th is case, the average energy gained by the H" 

ions is usually small, and the i r f ina l energy should be approximately 

equal to the sheath potent ia l . In addition to reducing the surface work 

function, which i s essential for the e f f i c ien t production of H" ions, 

the Cs ions in the plasma could also serve as a sputtering agent to 

enhance the hydrogen desorption rate. 

An alternate explanation for the H" ions that leave the surface 

with very low energy i s that they are produced by backscattering of low 

energy hydrogen atoms produced in the discharge, either Franck-Condon 

atoms from the dissociation of H2 or Hn or protons from the 

discharge that have charge exchanged af ter f a l l i n g through some of the 

ambipolar potential in the plasma. 
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The second group of H" ions has a higher energy and appears to be 

produced by a ref lect ion process. An incoming H + ion str ikes the 

converter surface with energy E = 200 eV af ter f a l l i ng through the 

sheath. The molecular species (H, and H,) are fragmented to 

form atomic hydrogen part ic les with energy E/2 (approximately 100 eV) 

and E/3 (approximately 66 eV) respectively. I f the H" ions are 

converted from the three groups of backscattered atomic hydrogen 

part ic les by capturing the additional electrons, then the i r average 

energy at the detector should be close to the l im i t ing values, 2E 

(approximately 400 eV), E + E/2 (approximately 300 eV), or E + E/3 

(approximately 266 eV). In the presence of cesium, the species current 

d is t r ibut ion H : H 2 : H, was measured to be 7 percent : 33 

percent : 60 percent. Thus the dominant species i s Hj and most of 

the H" ions formed by ref lect ion of posit ive hydrogen ions should have 

energy equal to or less than 266 eV; th is i s consistent with the energy 

spectra of Figures 10 - 12. (The energy values in these figures are 

cal ibrated by using the volume-produced H" ion peak). In the case of 

Pd, the group of H" ions formed by the ref lect ion of H 2 ions is 

distinguishable. 

Formation of H~ ions by a ref lect ion process depends part ly on the 

re f l ec t i v i t y of the substrate. The Marlowe code calculations show that , 

at a given energy, the f ract ion of reflected part ic les increases with 

the Z of the target material. In Figure 10, Pt produced the biggest 

number of H~ ions formed by ref lect ion and th is may be due to the fact 
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that i t has the largest Z of the four materials tested. Both Mo and Re 

give the highest total H" yield at optimum conditions with the 

majority of the H" ions belonging to the low energy group. Both 

elements give a maximum H" yield with a converter bias voltage of 

about 200 V. 

I t was not possible to obtain quantitative results for H" yields 

from this experiment. 
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V. Conclusions 

I t has been demonstrated that negative hydrogen ions can be produced 

by ref lect ion from a low-work-function surface, at the incident energies 

used in the present experiments. The f ract ion of the incident ions or 

atoms which were converted to negative ions was much lower when the 

incident energy was a few eV than when the incident energy was greater 

than 150 eV. There are indications that the negative ions produced in 

the low energy experiment arise from the hiah energy t a i l of the 

incident energy d is t r ibu t ion . 

The H~ (D~) y ie lds for incident energies greater than 150 eV are 

as high as 0.03 per incident proton (deuteron), and the dependence of 

the H" (D") y ie ld upon incident energy can be explained in terms of 

the probabi l i ty of ref lect ion of the incident par t ic les, the probabi l i ty 

of formation of the negative ion at the surface, and the probabi l i ty of 

survival of the negative ion as i t leaves the surface. 

The experiments with plasma-ion bombardment are only qual i ta t ive, 

but indicate that there are at least two mechanisms for the production 

of H" at a surface—reflection of ions with energies of 50 to 100 eV 

and ei ther H" desorption or ref lect ion of atoms with energy 

approximately < 10 eV. The substrate material appears to influence both 

of these mechanisms. 
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FIGURE LEGENDS 

Figure Is Line drawing of the apparatus wi thin the experimental chamber 

which was used to measure th? Negative Ion Secondary Emission 

Coefficient (NISEC). 

Figure 2: H" y ie ld per incident proton vs. incident energy per proton 

for Hg and H-j incident on thick alkali-metal targets. 

Figure 3: D" y ie ld per incident deuteron vs. incident energy per 

deuteron for D^ and D3 incident on thick 

alkali-metal targets. 

Figure 4: Backscattered D" y ie ld and change in surface work function 

vs. evaporation number fo r Cs deposited on a room temperature 

Ni substrate: A, change in work function; • , 170 eV/d D, 

incident; 0, 550 eV/d Di incident. 

Figure 5: Variation of the backscattered D" y ie ld with incident energy 

as the Cs coverage is increased on a Ni substrate. The 

numbers to the r ight of the curves denote the change in the 

surface work function and those on the l e f t indicate the 

evaporation number. The Cs thickness increases with 

evaporation number. The solid c i rc les indicate Cs thickness 

beyond optimum coverage. 
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Figure 6: Apparatus for the determination of H" yields produced by 

thermal H atoms. 

Figure 7: Measured relative D" yislds. O , O , at different oven 

temperatures. The furnace operating conditions were adjusted 

so that the calculated total hydrogen atom flux is constant 

while the energy distribution of the atoms in the beam 

varies. Closed symbols are for D atoms, O^M symbols are for 

H operation. The lines show the calculated variation in the 

number of atoms with energies exceeding either 1, 2, 3, or 4 

eV with different furnace operating conditions. 

Figure 8: Schematic diagram of the plasma-ion bombardment experiment. 

Figure 9: The energy spectrum of the H" ions as a function of 

converter bias voltage at a constant discharge power. 

Figure 10:The energy spectrum of the H" ions produced on Ho, Pt, and 

Ni at a constant converter potential of -200 V relative 

to the anode. 

Figure ll:The energy spectrum of the H" ions produced on Cu, Mo, Re 

and Ta at a constant converter potential of -200 V relative 

to the anode. 

Figure 12:The energy spectrum of the H" ions produced on Pd, Mo, W 

and Re at a constant converter voltage of 200 V relative 

to the anode. 
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