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Measurements have been made of the total backscattered

D~ and H™

yields from Cs, Rb, K, Na and Li surfaces bombarded with D,*, pg*, my*

and H3+ in the energy range 0.15 to 4 keV/mucleus.

All wmeasurements

were made at a background pressure less than 10"9 Torr and the alkali-

matal surfaces were evaporated onto a substrate in situ to minimize con-

tamination of surfaces.

For ea:h target, the D™ and H~ yields exhibited

maxima (as high as 8% per incident deuteron or proton for Cs); the maxi-

ima occurred at incident energies between 300 and 1000 eV/nucleus and

always occurred at a lower incident energy for H than for D for a given

target.

Both the H™ and D~ yields decreased, at any measured energy,

in going from Cs to Li in the order given above.

Measurements of the H~ yield were also made for H3+ bombarding a

W substrate,

was deposited on the W.

as ~ function of the work fumction of the target, as Li

The work function of the target showed a min—

imum as the Li coverage was increased and the H~ yield showed a corres-—

ponding maximum which was almost two orders of magnitude higher than

the B~ yield for a thick Li target.

Apparatus and Procedure

A beam of H2+ (D2+) and H3+ (D3+) ions was extracted from a hot

fil ament discharge, accelerated to the desired energy, and momentum ana-

lyzed with a 30° bending magnet before entering the experimental chamber.

The apparatus within the chamber (Fig.

1) was designed around two rec—

taagular plates, perpendicular to the beam line; an aperture in the first

plate (the collector) allowed the beam to pass through to the second
plate (the target) from which H_, 4%, HY, e”, as well as sputtered parti-

*Work supported by U. S. Department of Energy, Office of Fusion Energy,

under Contract W~7405-ENG-48.
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cles 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 electric field betweem the target and col-
lector plates vrevented positive secondary ions from reaching the col-
lector and a transverse magnetic field suppressed secondary electrons.
Also, an upbeam collimator shielded the collector from the primary beam.
This coll imator was the end-plate of a Faraday cup (the collimator-Fara-
day cup) which was used to determine the total current incident onto the
target: The total incident current was determined by the difterence in
current readings from the collimator-Faraday cup when the beam was de-
flected into the cup and when it was steered through the cup by a pair of
upbeam deflection plates. The H  (D”) yields were obtained by taking
the ratio nof the collector current to the total incident current and
dividing by the number of protons (deuteroms) per incident molecular
ion. A more detailed description of the apparatus is available in the
literature.

For H~ yield measurements from thin Li coverage of a W substrate,
changes in the surface work function were measured using the retarding
potential method.2’3’4 A W filament could be positioned 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 was obtained.

The electric field used to suppress positive ions was produced by
applying a negative potential to the target. The magnitude of the applied
voltage was determined by the beam species and energy. As an example, a
5.0-keV beam of D3+ required a target bias of at least -2.5 kV. The
target bias adde 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
maximum energy that a reflected b* ion can have is less than 2.5 keV,
which is not sufficient for it to reach the collector plate. This ex-
plains why, in this experiment, only DZ+ and D3+ were used as incident
particles. For bt the maximm reflected energy is always greater than
the retarding voltage, so that the high-energy backscattered D" ions can-

not be prevented from reaching the collertor.



Clean alkal i-metal targets were deposited on a substrate im the cryo-
pumped chamber, which was maintained at a pressure less than 1072 Torr
during the measurements. An S.A.E.S. alkali-metal dispenser, mounted
on a bellows, could be positioned between the target and collector plates
to coat the target area. The thickness of the alkal i-metal layer was
determined by the current through the dispenser (6 to 8A) and the evap~
oration time. As an example, passing 7.5A through a Na dispenser for
three minutes resulted in the emission of enough NMa to form a layer
about 15 ym thick (assuming a Na sticking coefficient of unicy), which
is the same order of magnitude as the average penetration depth ¢f al-keV
deutel:on.5

Surface purity was monitored by mass analysis of positive and neg-
ative ions sputtered from the surface by the beam. An electrostatic-quad-
rupole mass analyzer, modified for either positive or negative ions, was
placed in the chamber so that it sampled ions leaving the surface at an
angle of 50° to the surface normal. Prior to evaporation, many different
mass peaks were observed, indicating extens ive surface contamination; after
a thick alkali-metal tax,ct was deposited, the positive-ion spectrum showed
only peaks corresponding to sputtered alkali-metal target ions and back~
scattered incident icns, while the negative ion mass spectrum showed an
enhanced H (D) peak and greatly reduced impurity ifon peaks. To deter-
mine if the sputtered impurity ions contributed significantly to the total
negative ion signal, incident beams of Ar+ at 4 keVwere used. The results
showed that the sputtered negative ions contributed less than 5% of the

total negative signal on the collector (5% is tne limit of measurement).

Results and Discussion
Figure 2 shows the measured H  yields for Cs, Rb, K, Na and Li

targets and Figure 3 shows the measured D~ yields for the same targets

as a function of the energy of the incident ions. The estima-ed stan-
dard uncertainties (*10%) incidated in the figures are the result of
considering the effects of losses through the collector aperture, ot
ions leaving the collector, calibration of the electrometers and repro-
ducibility of the measurements.

There are several [catures worth noting in Figs. 2 and 3:

(1) All the targets show a maximum in the H™ and D~ yields.



(2) The maximum value of the H (D) yield decreases in the order
Cs, Rb, K, Na and Li at any incident energy.

(3) The higher the muximum value of the H (D™) yield, the lower
the incident energy at which it occurs.

(4) For any given target the maximum in the D~ yield is less than
or equal to the maximun in the H yield and occurs at a higher
incident energy than the H maximum.

(5) The H yield per incident proton is the same for H2+ and H3+
ions incident, and the D~ yield per incident deuteron is the
same for D2+ and D3+ incident, but, at a given incident energy,
the D™ and H~ yields are not equal.

Figure 4 shows the H yleld and the target work function as a fumc-
tion of Li coverage on a W substrate, for 550 eV/p H3+ incident. As
can be seen from the figure, the H~ yield shows a maximum value of 0.08
per incident proton, corresponding to the minimum value of the work fume-
tion, 2.1 eV (based upon assigning a work function of 2.5 eV to thick
.1). Beyond Li coverage corresponding to the minimum work function, the
surface work function rises slowly with increased Li thickness, but the
H~ yileld decreases rapidly.

The results of these measurements can be interpreted by considering
the H™ yield as a function of the probability of reflection of the incident
particles, n(V)lNi, the probability of forwation of the H 1lons at the
target P_(¥) and the probability of the sutvival of the H ion as it
leaves the target f(33. The H~ yield is then given by

Hyleld = - f n(W)P_(HER)v. (1)
i’v
If, for the sake of discussion, we assume that the terms are separable,

H™ yleld = RyfP_ (2)
where,
Ry 1s the total particle reflection coefficient
f 1is 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 the dependence of Ry, f, P_ on the incident energy. Oen
and Robinson® have shown that their calculated values of Ry result in
a fairly universal curve, independent of projectile and target species,
when plotted as a function of reduced energy,*e. Since € is propor—
tional to the incident energy, and since Ry is a monotonically decreas—~
ing function of &, RN 1s also a monotonically decreasing function of
the incident energy.

In the accompanying paper,7 Hiskes and Schneider shows that P_ is
a monotonically decreasing function of the average perpendicular exit
velocity, (vl) , which increases with increasing incident velocit:y.6 Simi-
larly, f 1s a monotonically increasing function of the incident velocity.
Therefore, the fact that all the H and D~ curves have a maximum at
inc ident energies above about 200 eV indicates that the survival probability
1s the major factor in determining these yields at incident energies
below a fewhundred electron volts. Similarly, at high incident energies,
the probability of formation and reflection are the factors determining
the H™, D~ yields. Features (2) and (3) above, can be explained by the
fact that at the same incident energy the reflection probabilitydecreases
in the order given in (3) and that the work function increases in the
same order: The lower the work function, the larger the survival prob-
ability at lower incident energies, thue shifting the 8™, D~ yield maximum
to lower incident energy.

The isotvpe effect, (4), and (5) arises from the fact that Ry, £,
and P_have different energy dependences. Since € is almost the same for
H and Dat the same incident energy, Ry is also the same for both isotopes.

However, at the same incident energy, the incident velocity and the aver-

*The reduced energy is given bydividing the incident energy by the Lind-
hard energy, Er, given by:

2/3,2/31/2
212 (MpMp) (217 ) L
ap(0.8853)M,
where subscript 1 = projectiles; subscript 2 = target particles; and

ag = Bohr radius, [J. Lindhard, M. Scharf and H. E. Schiott, Mat. Fys.
Medd. Dan. Vied. Selsk., 33, No. 14 (1963)].



age reflected velocity are higher for H than for D.6 Thus, at low in—~

cident energies, where survival probability dominates, H~ has a higher

survival probability and hence a higher yield than D”., On the other
hand, at high incident encrgies, where formation probability dominates,

D~ has a higher formation probability, and thus a higher yield than H .

This argument alsc explains the croesing over of the R and D~ yield curves.

The fact that the isotope effect becomes more pronounced as the target

mass and atomic number become smaller is probably due to the mass dif-

ference between H and D (1 a.m.u.) becoming more significant compared
to the target mass (133 a.m.u. for Cs te 7 a.m.u. for Li), and thus
giving rise to different velocity distributions of H™ and D~ leaving the
target.
A quantitative discussion of the interpretation of the results is
presented by Hiskes and Schneider in the accompanying paper.7
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Figure Captions
Fig. 1. Line drawing of the experimental apparatus.
Fig. 2. H™ yield per incident proton vs. incident energy per proton for
H2+ and H3+ incident on thick alkali-metal targets,

Fig. 3. D~ yield per incident deuteron vs. Incident energy per deuteron

for D2+ and D3+ incident on thick alkali-metal targets.

Fig. 4. H~ yield/proton and surface work function vs. Li thickness (ar-

bitrary units) on a W substrate for 550 eV/p H3+ incident.
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