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Summar

Calculations of the electric potential and of
Cs*-fon trajectories explain the axially enhanced ero-
sion of the sputter cathode in the Wisconsin Source of
Negative Ions by Cesium Sputtering (SNICS) and similar
sources. The effect arises from purely electrostatic
focussing of fast Cs* fons that are produced on a hot
refractory-metal surface. Calculations which include
the effects of a 1-mA Cs+ beam suggest that space
charge is of only minor importance in this type of ion
source. Possible improvements in the efficiency of
the ionizer that arise from modifications to the
source geometry are also discussed.

Introduction

A few years ago a new and very succassful sputter-
type negative-fon source was developed at Wisconsin!,?
and independently at Pennsylvania.® With appropriate
cathode materials these sources produce intense, low-
emittance negative-ion beams of elements throughout
the periodic table. In SNICS, ~2-keV Cs* fons sputter
the cathode's cesium-coated solid surface. Sputtered
negative ions of the cathode material accelerate across
the 2-kV cathode-to-anode potential difference and
emerge from the exit aperture. The Cs* beam of 1-5 mA
originates by surface fonization on a hot tungsten he-
11x that 1s coaxfal with the sputter cathode and exit
aperture. Different versions of the Pennsylvania
source have employed ionizers of a cylindrical, helical
and annular shape. A common characteristic of all of
these sources is an axially enhanced erosion pattern
on the sputter cathode which suggests that the incident
Cs* beam is tightly focussed. Figure 1 shows several
views of an initially flat-faced aluminum cathode after
a few days of running.

An earlier attempt? to explain the axial erosion
involved the focussing of plasma ifons by the electric
field and by the magnetic field produced by a direct
current in the helical ionizer. Middleton observed,
however, the axial erosion even with ionizer geometries
that produce no magnetic field. A treatment of the ion
source as a surface fonization gauge leads to an esti-
mate for the Cs vapor pressure between 10-% and 105
Torr, and hence Cs™-ion mean free paths that are 5 to
50 times larger than the (~30 mm) dimensions of the
source. These considerations suggest that the trajec-
tories of the Cs* fons incident on the sputter cathode
come directly from the hot W fonizer rather than from
a plasma. Results of the calculations presented below
support this hypothesis.

Procedure

The calculations that I performed involved several
steps. The first step for a particular source geometry
was to obtain the electric potential in which the Cs*
ions move. [ assumed cylindrical symmetry and as a
first approximation ignored the effects of space charge
and magnetic fields. The weak magnetic field produced
by the fonizer current in SNICS has a negligible effect

Figure 1. Scanning electron micrographs of an aluminum
sputter cathode after several days of running. This
cathode was initially a rod 12.7 mm long by 9.5 mm in
diameter. Part (a) shows a face-on view and (b) shows
the cathode tilted 45°. The cathode was cut through
the symmetry axis to show in cross section the erosion
along the side (c) and on the face (d). The sputtered
hole is about 5 mm deep.

on the massive Cs* ions, but it may serve to trap elec-
trons and thereby neutralize some Cs* space charge.
Figure 2 shows the electric potential that results from

Figure 2. Equipotentials for the SNICS geometry. The
chamber dimensions are 30 mm long by 30 mm diameter.
Four groups of equipotentials are shown. In the first
group nearest the -2000-V sputter cathode the curves
differ by 180 volts. In the other three groups the
curves differ by 18 V, 1.8V, and 0.18 V respectively.
The 5-turn ionizer and walls are at 0 V. Potentials
for a few of the curves are indicated on the figure.



a solution of Laplace's equation in cylindrical coordi-
nates subject to Dirichlet boundary conditions. Five
circular hoops at ground .potential. approximate the 5&-
turn helix of 1-mm diameter W used in SNICS. I deter-
mined the potential on 105 mesh points in one of the
half planes by the method of successive overrelaxation!
The distance between mesh points was 0.067 mm. Next I
used a sixth-order Runge-Kutta formula to solve the
differential equations of motion and trace the trajec-
tories of Cs? ions originating on the onizer. Figure
3 shows 500 trajectories with origins evenly distribu-
ted over the ionizer surface. ‘

The last step in the analysis was to estimate the
relative sputtering rate of the cathode surface. If
all of the Cs* particles struck the cathode at normal
incidence the sputtering rate would be proportional to
the Cs* current density. The current density as a
function of radfal position on.the face of, the cathode
is equal to the current falling upon a particular annu-
lar zone divided by the area of the zone. According to
Sigmund® the angular depen’ence of the sputtering yield
is approximately (cos 8)~5/3 for angles of incidence
8 5 .70° and for.my/m; < 3 where my and m, are the
masses of the incident ion and target atom respective-
1y. For Cs* ions.incident on any cathode material this
condition on the mass ratio is satisfied.” Fewer than
1% of the trajectories shown in Fig. 3 strike the cath-
ode at angles more oblique than 70°.. Thus to estimate
the relative rate of sputtering of,the surface as a
. function of :the radial position along the cathode face
1 counted the trajectories that-ended in each of fif-
teen annular zon7s with-each trajectory weighted by the
Factor {cos 8)5/3 and then:divided by the area of the
zone. E .

Cs' Trajectories
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47% end on side
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Figure 3. Cs*-fon trajectories originating on the 5-
turn fonizer of 1-mm tungsten. Each of the five views
shows 100 trajectories.

Results

Figure 4 shows the relative sputtering rate that
resulted from an analysis of the trajectories shown in
Fig. 3, The sputtering rate is very strongly peaked on
axis and thus explains the most obvious feature on a
worn sputter cathode. An enhancement of the sputtering
rate between 1 mm and 2 mm should result in the erosion
of a groove in the face of the cathode in addition to
the deep central pit. A1l of our worn cathodes exhibit
such a structure but with a spiral shape that probably
reflects the helical shape of the iontzer (see Fig. 1).
Figure 1{c) shows a groove in the side of the sputter
cathode about 8 mm from the face end. This type of
erosion is also common to all worn cathodes and is es-
senttally independent of the cathode diameter. An in-
spection of the trajectories in Fig. 3 indicates that
such ap erosion pattern is to be expected.

.. Calculated Sputtering Rate.
3 for the SNICS Geometry  —]
0.21 mm wide zones
7 Z 0
¥ x17
3
" S ::
£
G|
~
2277, 1
Z7m.
o Az @m”f - :
[o} : 1 2 3

‘ Rud‘ius {mm

Figure 4. Spuftering raté'of the cathbde‘face as a
function of radial position. About 18% of the total
Cs* current falls within the first 3% radial zones and
hence contributes to the formation-of the negative-ion
beam.

Effects of Space Charge

The foregoing analysis has neglected the effects
of the Cs* current's own space charge on the particle

. trajectories. To assess the possible consequences of
wjgnoring}the(Cs* space charge I solved the Poisson
‘equation: ' , o

v2U(r,z) = -p(r,z)/e,

where .U(r,z) is the electric potential and p(r,2) is
the charge density derived from a set of representative
¢st trajectories. A self-consistent potential and set
of trajectories resulted after three relaxation calcu-
Tations. of the potential. Each such calculation used
the space charge term from the previous iteration's
trajectories. I made no attempt to include the space
charge from electrons. ''The presence of electron space
charge will tend to neutralize the positive space
charge of the ¢st fons. Any differences observed be-

tween the trajectories with and without Cs* space’

' charge may,” therefore, be exaggerated:

Figure 5 shows the electric potential that resul-
ted from including the space charge of a-1-mA ts* beam
ificident on the sputter cathode. The boundary condi-
tions and the equipotentials displayed are the same as
those in Fig. 2. Only the equipotentials between -8V
and 0 V (where the slow moving Cst fons contribute an



Figure 5. Equipotentials for the SNICS géometry in-
cluding the space charge of a 1-mA Cs* beam between
the ionizer and the cathode. The equipotentials are
the same vaTués’ as’ {hose shdwn ?n Fig. 2.

appreciable charge) showed significant differences from
the charge-free potential. About 13% (compared to 3%
without space charge) of the Cs+ ifons never reached
the sputter cathode. These Cs* fons that were "lost"
originated on the two turns of the ionizer farthest
from the cathode but became trapped near the ionizer
by the buildup of a cloud of positive charge, Of the
Cs* fons originating from the remaining 87% of the ion-
izer surface about half strike the face of the cathode
and half strike the side. Figure 6 shows a comparison
between the sputtering rates on the'cathode face with
and without space charge effects. The axially peaked
erosion remained and the enhancement 6f the sputtering
rate at just over 1-mm radiusimoved. toward the symme-
try axis. Thus the original approach that neglects
space charge effects:is adeéquite in view of the rela-
tively siight modifications that arise from the inclu-
sion ‘of space charge and the iikeiiﬁood of space
_'charge neutralization by electrons. ' (Inélusion of the

~effects of space charge aléo requires a fiuch Targer
computational effort. ?

Other Geometries Y Loy
Because of the model's .initial success in explain~-
: ing the gross features of sputter cathode erosion I :
hoped to use the calculations to improve source perfor-
mance. One measure of source performange is.the effi-
ciency of the fonizer in delivering Cs* fons to the
region of the sputter cathode from which the negative-
ion beam emerges. This reglon is indeed small. From
a calculation of negative-ion trajectorfes emerging
from the cathode face I found that only those trajec-
tories originating within 0.47 mm of the cathode cen-
ter illuminated a 2-mm diameter exit aperture and hence
contributed to the negative-ion beam current. However,
. once:an appreciable.conical "hole had formed - -on’ the
cathode, a weak focussing of the negative ions occurred
and the beam's source area expanded to a radius of 0.74
: .The formation of a conical hole has. two, important
and fortuitous effects; First,\of course, is the fact
that.a much larger; surface area. becomes. available for
the production of the negativerion beam. .Secondly,
since a hole in.the cathode face. hasra1most no.effect
‘on the’ incident Cs*-ion trajectories, the Cs* ions
“strike the already-eroded surface at more oblique an-
"gles than they strike the (initially) flat surface.
‘This further: enhances the sputtering rate hecause of
the (cos e)'5/ dependence
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Figure 6. Comparison of the sput;ering rate on the
cathode face with .and without space ‘charge effects.
_The zone width was, 0.21 mm for each calculation.

One improvement in the jon{zer efficiency might
involve delivering more Cs* fond to the first 3 or 4
radial zones of the cathode face (see Fig. 4) for the
same fonizer surfate area. Figure 7 shows the Cs* tra-
jectories that resulted when'a mask (at ground-poten-

‘ tial) was inserted just Behind the ionizer to prevent

tst jons from reaching the side of the cathode. :Even
though 10% of all the Cst particles were lost to the

Cs* Trajectories .
68% end on face
22% end on side
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Figure 7. Cs*-ion trajectories for the SNICS geometry
with the addition of a mask near the ionizer
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Figure 8. Sputtering rate resulting from the trajec-
tories shown in Fig. 7. With the addition of the mask
the fonizer efficiency rose from 18% to 23%.

chamber walls more particles than without the mask
reached the cathode face and resulted in the marked in-
crease in the sputtering rate on axis shown in Fig. 8.
In spite of this improvement, however, only about 23%
of the total Cs* beam falls within the first three and
one-half zones and contributes to the formation of the
negative-ion beam. The corresponding efficiency for
trajectories of Fig. 3 (without the mask) is 18%.

An even more favorable geometry is illustrated in
Fig. 9. This is a model of Middleton's original ion
source3 in which the fonizer was an annulus of rhenium
located behind the cathode face. In this example the
annular iontzer has about the same total surface area
as the five-turn helfx used in SNICS. Even though
half of the Cst fons cannot strike the cathode face,
the overall efficiency of this ionizer approaches 50%
because all of the Cs* ions from the front face of the
annulus fall within 1 mm of the cathode center.

Conclusion

A very simple mode! involving only electrostatic
focussing of fast Cs* ions accounts for the behavior
of SNICS and similar surface-ionization sputter-type
ion sources. With a relatively modest investment of
computer time one may investigate and perhaps refine
new ideas and modifications before one commits shop
time and effort to a project. Further work along
these 1ines continues, particularly to see whether re-
1iable quantitative predictions of the negative-ion
beam current and emittance are possible.
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Figure 9. Cs*-fon trajectories from the surface of an
annulus-shaped ionizer. The ionizer efficiency is
nearly 50% since all of the trajectories from the front
face of the annulus strike the region from which the
negative-ion beam emerges. The calculated sputtering
rate on axis 1s more than four times that for the orig-
inal SNICS geometry.
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