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H™ and D™ Production by Backscattering

from Alkali-Metal Targets*

P. J. Schneider', K. H. Berkner, W. G. Graham ', R. V. Pyle
and J. W. Stearns

Lawrence Berkeley Laboratory, Univ.vof‘Calif..Berkeley, Ca. 94720

_ABSTRACT
Measurements have been made of the tota1 baskstattered D™ and H~
yields from thick, clean targéts of Cs, Rb, K, Na and L1, bombarded with
+ o+ o+ ' '

3 02, D3 with incident energies from 0.15 to 4.0 keV/nucleus.

A1l of the measurements were made at background pressures 1es§ than

+
Hys H

10"9 Torr, and the alkali-metal targefs were evaporated onto a cold
substrate (T ~;77K) in situ to assure thiék, uncontaminated_targets.
For each target, the H™ and D™ yields exhibited maxima (as high as. .
0.08 per incident proton or deutefon) at incident ene}giés befween 0.3
and 1.4 keV/nucleus. For botﬁ hydrdgen and deuterium incident at any
energy, the negative ion yield decreases in going from Cs to Li in the
other given abbve. A]sb, a definite isotope effect was observed for |
every target used, with .the H™ yield peaking at a lower incident
enérgy than the D' yield and in most cases, the maximum H™ yield was
higher than the maximum D™ yield. Measurements of the D~ yield as a
function of Cs coverage were also made for Dg.bombarding a Ni
sﬁbstrate. The D™ yield maximized at or near the coverage at which’
the surface work function reached a minimum.
* Work supported by U. S. Department of Energy, Office of Fusion Energy
under contract W-7405-ENG-48. :
*Present address: -Max Planck Institute for Plasmaphysics, Garching, |
West Germany. v

**Present address: The New University of Ulster, Coleraine, Northern
Ireland. e o



Introduction

Receﬁt experihents have shown that it is possible to dramatically
increase negativé-ion yields from ion sources by adding an alkali metal
to the dischargé.]’2 In H™ sources, the addition of Cs to the dis-
charge has resulted in increaées.of more thaﬁ én ofder of magnftude in
the H™ current density.3 Belchenko, Dimov and budnikov>***? and
Hiskes, Karo and Gardne‘r6 have proposed mddels based upon surface
production as the principal mechanism for H™ formétion in these
sources.'vBelchenko, Dimov and Dudnikov proposed that any hydrogen atom
adsorbed on the surface has a high probabi]ity of residing as a:hegative
ion and can be desorbed from the surfacé as a negatiVe ion by an inéi-
dent energetic particle from the discharge. The.addition of Cs to the
H™ source produces Cs coverage of the source surfaces; this lowers the
surface work function, enhances' the probability.of escape without de-
struction of the negative ion from the surface, and increases the H
yield. Hiskes, Karo and.Gardner have hypothesized that H™ ions are
formed ih the-co1lision of an energetic (1 to 100 eV) hydrogen atom with
an adsorbed Cs atom. The H™ formation process takes place via‘the
CsH, CsH™ molecular potenfials: ‘As the hydrogen atom approaches the
adsorbed Cs atom the interaction potential is taken to be the difference
between the image potential and the CsH™ electron af%ihity. This
potential allows the resonant transfer of an electron from the substrate
to the hydrogen atom, which in turn may éscape from the surface as H™.

H production from surfaces involves three processes: The reflec-

tion or desorption of the hydrogen from the surface, the formation of

the negative ion at the surface, and the escape-without-destruction of



the negative ion from the surface. In the mechanism proposed by

Bé]chenko, Dimov and Dud‘nikov.3’4’5

the probability of formation of
the negétive ion is unity»and’the probabilities of désorptionrand
escape-without-destruction become the dominant factors in determining
the negétive-ion yield from the surface. In the parfial-coverage mode
of Hiskes and Karo,7 thevprobabi1ity of destruction of the negative
jon is shown to be hegligible, so that the probability of formation of
the negati?e ion; along with the probability of reflection of the
incident particle, become the dominant factors in determining the
negative-ion yield from the surface.

These models have 1éd to calculations of the H™ secondary emission
coefficient (the numbér of negative ions emitted from the surface per

8 and Hiskes and Karo7. Kishinevskii

incident nucleus) by Kishinevskii
.has estimated the H™ secondary emission coefficient to be 0.1 to 0.2
for'pérticles leaving the surface with energies of tens of eV. Hiskes
and Karo have calculatd both formation and escape.probabilities for
surfaces with a partial monolayer coverage of Cs. They have combined
their results with those of Oen and Robinsong, who have used a Monte-
Carlo technique to calculate the reflected fraction of the incident
particles as a function-of incident energy, to predict H™ secondary
emission coefficients of 0.5 to 0.3 over the backscattered-energy range
10 to 100 eV. Hiskes and Karo7 have also calculated the escape prob-
abilities from some thick alkali-metal surfaces.

There exist almost no experimental measurements for comparison with

the above calculations. Therefore, we have measured the total back-

scattered H™ and D™ yjelds from various alkali-metal surfaces.



The experiment was divided into two parts: (1) clean, thick, alkali-
metal targets (Cs, Rb, K, Na, and Li) and (2) thin coverage of Cs on é
Ni substrate. For the thick targets, the ‘incident energy of the hydro-
gen and deuterium ions ranged from 0.15- to 4 keV/nuc leus and for the
thin-coverage targets the range was from 0.4- to 0.9 keV/nuc1eus.

For reasons discussed in the next séction it Was necessary to use

molecular ions: D;, Dg, H; and H;. At the energies used heré,

molecular ions at normal incidencevaré dissociated at the surface;lo’]]
hence the D~ and H™ yields were normalized to the number of nucleii
per incident ion to obtain D™ per incident deuteron or H™ per inci-
dent proton. The D; énd H; jons were used to obtain the lowest
incident velocities, due to the 1imit imposed by low-energy beam trans-
’port to the target. The D;'and H;'ions were used to verify that the
negétive ion yields were indeed independent of the number of nucleiibpér
incident molecular ion.

By varying the energy of the incident ions; the work function and
the mas; of the target, we have attempted to determine which parameiers
are important to the conversion of incident particles to backscattered

negative jons and how these parameters may be varied to optimize the

negative ion yield.

Apparatus and Procedure

A beam of D; (HE) and D; (Hg) 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 reference 12. The



apparatus within the chamber (Figure 1) was designed around two rectan-
gular plates, perpendicular to the beam line; an aperture in the first
plate (the collector) allowed the beam to pass through to the

+ -
), e as

second plate (the:target) from which D~ (H7), 0° (H°), D+:(H
well as sputtered particles were emitted. The collector was used to
monitor the negative-ion current, therefore, all other charged particles
had to be prevented from reaching or leaving it: An elecfric field
between the target and collector plates prevented positive secondary
jons from‘reaching the collector and a transverse magnetic field sup-
pressed secondary electrons. Also, an upbeam collimator shielded the
collector from the primary beam. _This collimator was the endplate of a
Faraday cup (the collimator-Faraday cups) which was used to determine
the total current incident onto the target: The tofa] incident current
was determined by the difference in current readings from the col-
lTimator-Faraday cup when the beam was deflected into the cup and when it
was steered through the‘chp by a pair of upbeam deflection plates. The
negative‘ion secondary emission coefficient (NISEC) was determined by
taking the ratio of the collector current to the total incident current
and dividing by the numbér of deuterons (protons) per incident molecular
ion.

The collimator-Faraday cup, which was 2.5 cm in diameter, 4 cm long
and had a 0.15-cm-diam exit aperture, was 0.08 cm upbeam from the col-
lector.

The electric field used to suppress positive ions was produced by
applying a negative voltage to the target. The magnitude of the applied

voltage was determined by the beam specie and energy. As an example, a



5.0-keV beam of D§ required a target bias of at least -2.5 kV. The

target bias adds to the incident energy giving a total incident energy
of 7.5 keV; if we assume that the energy is divided equally between the
. three deuterons as the incident ion breaks up at the surface, then the
maximqm energy that a ref]ectéd D' ion can have is less than 2.5 keV,
which is not sufficient for it to reach the col]e;tdr‘p]ate. This
explains why, in this experiment, D+ and H+ were not used as inci-
dentvpartjcles. For D' the maximum reflected energy is always_greater
than. the retarding_voltage, so that the high-energy backscattered D+
ions cannot be prevented from reaching the col1éctor.

The transverse magnetic field used to suppress secondﬂ"y electrons
from the target, the collector and the collimator-Faraday cup was pro-
duced by an e]ectro-ﬁagnef with a 6;5~cm gap-and 5-cm-diam poles. The
suppression bf secondary e]ectron§ is illustrated in Fig. 2, where the
"apparent” NISEC is plotted v's the magnitude of the magnetic fiefd; At
Tow magnefic fields the signal is dominated by electrons, which are sup-'

pressed as the maghetic field is increased. For the case illustrated in
+

3 I"gap
ficient for complete electron suppression. Calculations of trajectories

Fig. 2 (3-keV/nucleon D, |E | = 4.6 kV/cm) 650 gauss is suf-
for D7 ions emitted from the target show that all negative ions (even
those emitted with zero energy) reach.the collector for all eléctric and
magnetic fields used .in this experiment.

The targetvand collector plates were 7.3-cm high, 5-cm wide, and
separated by 1.3 cm; the Col]ettor-p]ate aperture was 0.25 cm in dia-

meter. To assuré’thai all the neg§tive ions produced at the target were

collected, two separate tests were performed. The first test was to



vary the effective width of the collector plate with a series of elec-
trically isolated mésks. The currents collected by the masks andrby the
collector were measured as a function of collector width. The ratio of
the collector current to the sum of these currents remained constant at
0.99 for collector widths down to 3.6 cm and decreased as the collector
width was further decréased. The second test was to vary the effective
diameter of the aperture in the co]]ector.plate fromA0.25.cm'to 0.7 tmj
with another series of eTectrica]]y isolated masks which covered the
collector plate. The ratio of the current on the mask to the current on
the collector behind it was measured as a function of the diameter 6f
the aperture. Extrapolation to zero diameter indicated that the loss of
negative ions through the 0;25-cm-diameter apefture was (5 + 5)%. From
these tests, which were performed for incident energies from 0.75 to
'3 keV/nucleon and with various electric and magnetic fields, we con;,
cluded that the dimensions of the collector p]ate were large enough, and
the aperture small enough, to ensure that (95 i 5)% of the negative fons
were collected. |

Positive ions produced by backscattered partic]és (atoms And
‘negative ions) striking the.collector could not be'suppréssed. The
éu;rent due to these ions leaving the collector adds to the current from
the co11écted negétive ions and is a possible source of error. To
investigate the magnitude of this effect, the NISEC was meésuréd for a
sodium target, with a stainless steel collector. Then the-farget was
heated to evaporate the sodium onto the collector. The dispensor was
used to re-coat the target with sodium and the NISEC measurement was

repeated. Changing the co11ector surface from stainless steel to sodium



changes the collector work‘function from 4 eV to 2.3 eV and greatly
changes the charge distribution of the backscattered particles leaving
the collector (very few'positive fdns 1eave:the’sodium surface).- No
difference was seen in the NISEC measurements using the two collector
surfaces. | ,

Meishnev &nd Verbeek]3 and Eckstein et’a].]4'have measured the
ratio of protons to neutrals emerging from various metal targets as a
function of exit energy and angle. Their results indicate that for an
exit energy of 1 keV, less than 5% of the merging particles are positive
ions, with the positive ion fraétion dropping off rapidly at lower
energies. These resdlts, along with the measurements using the two
collector surfaces, led to the conc]ysion fhat the effect of pdsitive
ions leaving the collector was less than the differences in rebroducQ
ibility of the experimental measurements (5%).

C]eanva1kali-meta1 targets were deposited‘on a 1iquid-nitro§en-
cooled subsirate in the cryopumped experimental chamber, which was main-

? Torr during the measurements. An

"tained at a pressure less than 10~
S.A.E.S.* alkali-metal dispenser, mounted on a bellows, could be posi-
tioned between the target and collector p]ates to coat the target area.
The thickness of the alkali-metal layer was contro]]ed by varying the
current through the dispenser (6 to 8A) énd the e;aporation time. As aﬁ

_example, from the manufacturer's data we estimate that passing 7.5A

through a Na dispenser for three minufes résu]ié in a Na layer about 157m

*SAES Getters/USA, Crystal Springs, Colorado.



thick (assuming a Na sticking coefficient of unity),.which is thevsame
order of magnitude as the average penetration depth of a 1-keV
deuteron.]5
VSurfaée purity was monftored by mass-analysis of positive ions sput-
teréd from -the surface by an 8 keV Ar+ beam. An electrostatic-quad- _
rupole mass analyzer, was placed in the chamber so that it sampled ions
]éaving the surface at an angle of 50° to the surface normal.]2
Prior to evaporation, many.different mass peaks were observed, indi-
cating extensivé surfécevcontamination-(Figufe 3A); after a thick
alkali-metal target was deposited, the positive-ion spectrum showed only
peaks corresponding to sbuttered alkali-metal target ions (Figuke 3B).
To determine}if the sputtered impurity ionsvcontributed significantly to
- the total negative ion signal, incident beams of Ar' at 8 keV were
used. The results showed that the sputtered negative ionS’(gither H™
or impurities) contributed less than 5% of the total negative'signal on

the collector; hence within our experimenté] estimated uncertainty of

10%, the NISEC’measuredvin this experiment is the backscattered H™

yield.
For H™ yield measurements from thin coverage of a»substrate,
changes in the surface work function were measured using the retarding

15,16,17,18 ‘A hot tungsten filament could be posi-

"pptential method.
tioned directly in front of the target, and by measuring the shift in

the I-V curves of the diode formed by the filament and the target, the
change in the target work function re]ati?e to that of the filament was

obtained.]2



Results and Discussion

A. Thick-coverage

Figures 4 to 13 show the measured values of the backscattered D~
and H yields fon-Cs,va, K, Na énd Li targets as a-functidn of the
energy of the incident ions; The estimated standard uncertainties
(+ 10%) indicated in the figures are the result of considering the
effects discussed in the text (losses through the collector aperture and
positive ions leaving the co]lector) as well as the calibration of the
electrometers and reproduc1b111ty of the measurements.

There are some features worth noting in Figs. 4 through 13

(1) Each takgetvshews a\makimum in the H; and D™ yields.

(2) ‘The max imum value of the H (D™) yield decreases in the

order.Cs, ﬁb,-K, Na:and Li at any incident energy.‘

(3) The higher the méximun va]ue.ot tnevH'(D°) yiled, the lower

the 1nc1dent energy at whlch it occurs. -

(4) For any given target the maximum in the D~ yield is less than

or equal to the maximum in the H yield and occurs at a
higher incident energy than the H™ maximum.

(5) bThe H™ yleld per incident proton is the same for H2 and

H§ jons 1nc1dent and the D~ yield per 1nc1dent deuteron
is the same for D2 and D3-1nc1dent, but, at a given
incident energy, the D™ and H™ yieids are not equal.

-The results of these measurements can be interpreted by’cnnsidening
| the H™ yield as a function ofithe probability of reflection of the
ineident particles, n(ﬁ)/Ni, the'probebility,of'formation of the H™
ion at the target P_(?) and the probability of the survival of the

'H™ jon as it leaves the target f(v). The H™ yield is then given by



Hyield = ll—f n(V)P (V)F(V)dv. G
iy : -

If, for the sake of discussion, we assume that the terms are separab1e,
H yield = RNfP_ (2)

where,

R, is the total particle reflection coefficient

N
f is the (averaged) probability of H  survival
P_:is the (averaged) probability of H formation.

To discuss the H™ yield measurements in terms of equation (2), We

need to know thé dependence Ry, f, P_ on the incident energy.

N®
Hiskes has éhown that calculated values of-RN for alkali-metals are a
monotonically decreasing funcfion of the'ihcident énergy, in the energy"
range of these measurements.]9
In the accompanying paper,20 Hiskes and Schneider show that P_
is a monotonically décreasing function of the average pekpendicular exit
veiocity, (vl>, which increases with increasing incident velocity.
Similarly, f is a monotonically ihcreasing:TUnction of the incident
velocity. Therefore, the fact that all the H™ and D™ curves have a
maxima at incident energies above 200 eV iﬁdicates that the survival
probability is the major'faétor in determining the negative ion yield at
incident energies below a few hund}ed elettron volts. Similarly, at
high incident energiés, fhe brobability of formation and reflection are

the factors determining the H™, D~ yields. Features (2) and (3)

above, can be eXp]ained by the fact that at the same incident energy the

- 10 -



ref]eétjon probability decreases in the order given in (2) and that the
work function increases in the same order: The lower the work function,
the larger the 5urviva1 probability at 10Wer'incident energies, thus
shifting the H™, D~ yield maximum to lower incident energy.

The iSotope'effect (4), and (5) arises from the fact that R,, f,

N°
and P_ have different energy depeqdences. RN is almost the same for

H and D at the same incident energy. However, fhe_incident velocity and
the‘avefage reflected velocity are higher for H .than for D. Thus, at
low incident energies, where survival»probability dominates, H™ has a
higher survival probability and hence a higher yié]d than D”. On the
other hand, at high fncident energies, where formation probability
dominates, D~ has a higher formation probability, and thus a higher '
yield than H™. This.afgument also explains the érossing over of the

"H™ and D™ yield curves. The faét that the isotobe effect.becbmes

more pronounced as the target mass and atomic number become smaller is
probab]y due to the mass difference between H and D (1 a.m.u.) becoming
more significant compared to the target mass (133 a.m.u. for Cs to 7
a.m.u. for Li), thus giving rise to different velocity distributions of
H™ and D™ leaving the target.

B. Thin Coverage

The thin-coverage measurements were made using cesium on a Ni
substrate. This combination of materials was chosen because of the low
value of the minimum work function (1.6‘eV)2] which can be obtained at
a fractional Cs mbno]ayer coverage of the Ni surface, and becauée Ni wés
a convenient material to work with. In figure ]4,‘we show the change in

the surface work function and the backscattered D" yield as the Cs

-1 -



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

before being instalied in the vacuum chamber. The substrate was heated
to about 1400K, hot enough to debosit a clearly visible Ni layer on the
facing collector plate in about 30 minutes, at a background pressure of
10'9 Torr, and was allowed to cool to room temperature over ﬁight at a

background pressure of 4 x 10710

Torr before the Cs was evaporated.

It can be seen in Figure 14 that the maximum in the backscattered D~
yield occurs at the Cs coverage that produces the minimum work function,
for both 170 and 550 eV/d incident energies. The maximum D~ yield of
0.14 for thin coverage is almost twice as high as the maximum of 0.08
for thick Cs:(see Figuré 5). The variation of the backscattered D~
yield with incident energy, as the Cs coverage is increased on a Ni sub-
strate, is illustrated in Figure 15. The backscattered D~ yield

curves show a definite change in energy dependence as the Cs coverage is
increased: At low Cs coverages the D yield decreases as the energy
decréasés, at optimum Cs coverage (evaporation no. 9) the D~ yield
increases with decreasing energy, and at thicker coverage (evaporation
no. 11) the D™ yield again decreases with decreasing energy. This
change in fhe energy dependence may be explained byva hypothesis pre-
sented by Hiskes and Karo7 and D~ yields from W with a partial mono-
layer of Cs coverage: At partial monolayer coverages, near the minimum
in the work function, an electric dipole layer i§ produced at the Cs--
substrate interface, which'greétly enhances thé probability of survival
of the D”. As discussed in the preceding section, the probability of

survival dominates the backscattered D~ yield for incident energies

below a few hundred eV, so that any change in the survival probability

- 12 -



shbu]d be apparent in the D~ yield. For higher incident energies, the
D~ yield dépends more upon the'prdbability of formation than survival,
so that the effect of the dipole layer will not be as pronounced.

A quantitative discussion of these results is presented in the
accompanying paper By Hiskes and Schneider.z0

We gratefully acknowledge H. A. Hughes,vL. A. Biagi, and ‘the members
of their mechanical shops. Also C. M. Garrett for maintenance of the
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electronics associated with the experiment.
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Figure Captions
Figure 1. Line drawing of the apparatus within the experimental

chamber, which was used to measure the Negative Ion

~ Secondary Emission Coefficient (NISEC).

Figure 2. - Apparent NISEC vs. the magnitude of the applied magnetic

field fdr'the case of 6 keV/d D; on an untreated Mo
target.'.The target bias was -6 kV, resulting in an

electric field of 4.6 kV/cm.
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Figure 3. Mass spectra of positive ions sputtered by 8 keV Art
incident upon (a) an untreated Cu target and (b) the same
Cu target with fhickbNa coverage.

Figure 4.. Backscattered H yield vs incident energy for H;--o
and Hgf-o incident on thick Cs (work function, ¢w =
1.9 ev). |

Figure 5. Backscattered D~ yield vs incident énergy_for D;--o
and Dg--b incident on thick Cs (work function, Cs

(¢w = 1.9 eV).

Figure 6. Backscattered H™ yield vs incident energy for H;-—e
and Hg--o incident on thick Rb (¢w = 2.08 eV).
Figure 7. Backscattered D~ yield vs incident energy for D;-—e

and Dg--o incident on thick Rb (¢w = 2,08 eV).
Figure 8. Backscattered H yield vs incident energy for H;~-a
and Hg—-o incident on thick K (¢w = 2.24 eV).
Figufe 9. Backscattered D~ yield vs incident energy for D;--o
and D;--o incidént on thick K (6, = 2.24 eV).

Figure 10. Backscattered H -yield vs incident energy for H;?-o

+
3

Figure 11. Backscattered D~ yield vs incident energy for D;--o

and Hy--0 incident on thick Na (6 = 2.28 eV).
and D;--o incident on thick Na (¢w = 2.28 eV).
Figure 12. Backscattered H™ yield vs incident energy for H;--o
and Hi._o incident on thick Li (s, = 2.49).
Figure 13. Backscattered D~ yield vs incident energy for D;--o

and D;--o incident on thick Li (¢, = 2.49).

- 16 -



Figure 14.

Figure 15.

Backscattered D~ yield and change in surface work
function vs evaporation number for Cs deposited on a robm
temperature Ni substrate: A, change in work function; 0,
170 eV/d D incident; 0, 550 eV/d D} incident.

Variation of the backscattered D~ yield with incident

~ energy as the Cs coverage is increased on a Ni substrate.

The numbers to-the right of the curves denote the change in

~the surface work function and those on the left indicate

the evaporation number. The Cs thickness increases with
evaporation number. The solid circles indicate Cs

thickness beyond optimum coverage.
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