Performance of a high-current metal vapor vacuum arc ion source
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The operational characteristics of a metal vapor vacuum arc ion source have been studied. The
beam current has been measured as a function of ion source extraction voltage (5-80 kV), arc
current (50-250 A ), metal-ion species (T1, Ta, and Pb), and extractor grid spacing (0.89 and
0.38 cm). The measured beam current ranged up to 700 mA. The parametric variation of beam
current is compared to that expected from the Child—Langmuir equation and excellent

agreement is found.

{. INTRODUCTION

The metal vapor vacuum arc is a plasma discharge that
occurs between metallic electrodes in vacuaum'™ and can be
used within a high-current metal-ion source. This kind of
source neither requires nor produces a gaseous ambient for
its operation, and the bulk cathode material remains near
room temperature; it is only at the micrometer-sized cathode
spots that the solid metal of the cathode material is vapor-
ized and ionized. The vacuum arc is an electrically efficient
process, and a metal-ion plasma current of magnitude ap-
proximately 10% of the arc current is produced.” Thus an
ion source using the vacuum arc as the plasma formation
mechanism is also an electrically efficient means of produc-
ing a high-current beam of metal ions.

Ion sources incorporating the vacuum arc as the plasma
production mechanism have been investigated by several au-
thors."* The metal vapor vacuum arc (MEVVA) ion
source developed at Lawrence Berkeley Laboratory was ini-
tially made for the injection of high-current beams of metal
ions into the Bevalac heavy-ion synchrotron for basic nu-
clear physics research;'®'” more recently the source has alsc
been used for high-dose metal-ion implantation for purposes
including the formation of buried-metal silicide layers'® and
the compositional fine tuning of high-7, superconducting
thin films.'? Several different embodiments of the MEVVA
ion source have been designed and their performance has
been reported on for isolated parameter regimes.®'>?%?? In
the work described here, we have studied the operational
characteristics of the MEVVA 1V ion source over a wide
range of parameter space and compared the results with
available theory. The metal-ion-beam current has been mea-
sured as a function of arc current, extractor voltage, metal
species, extractor grid spacing, and position of the beam-
current-measuring Faraday cup. The results illustrate the

erformance that can be obtained, and might serve to sug-
gest new applications of this kind of high-current metal-ion
source.

. EXPERIMENTAL SETUP

In the MEVVA ion source, the intense plume of highly
ionized metal plasma that is created at the cathode spots of &
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metal vapor vacuum arc discharge is used to provide the
plasma feedstock from which the ion beam is extracted. The
guasi-neutral plasma plumes away from the cathode toward
the anode and persists for the duration of the arc current
drive. The anode of the discharge is located on axis with
respect to the cylindrical cathode and has a central hole
through which a part of the plasma plume streams; it is this
component of the plasma that forms the medium from which
the ions are extracted. The plasma plume drifts through the
post-anode region to the set of grids that comprise the ex-
tractor.

In this work we used the MEVVA IV ion source. The
main distinguishing characteristic of this embodiment of the
concept is the multiple cathode feature, by means of which
one can switch between different cathode materials easily
and swiftly. Up to 16 separate cathode materials can be in-
stalled. For the experiments reported on here, cathodes of
Ti, Ta, and Pb were used. The beam formation electrodes
{“extractor grids”) were a quite conventional set of multi-
aperture, accel-decel grids (i.e., three grids—plasma grid,
suppressor grid, and ground grid) of thickness 0.076 cm and
in the form of a circular array of 31 holes each of diameter
0.3 cm, with an array diameter of approximately 2 cm; the
beamlet holes were not shaped but were of simple cylindrical
geometry. The extractor gap (distance between plasma grid
and suppressor grid} was set at either 0.8% or 0.38 cm. A
photograph of the MEVVA 1V ion source is shown in Fig. 1.

It is convenient to operate the source in a mode where
the beam extraction voltage is applied dc, and the arc current
is pulsed. Here the extraction voltage was varied from 5 to 80
kV. A voltage of about - 3 kV was applied to the suppressor
grid to impede electron backstreaming. The arc current was
of magnitude 50-250 A, and was supplied from an LC pulse
line of impedance 1.5 {} and pulse length 250 us. For these
experiments the puise repetition rate was several pulses per
second, although the source has been operated at up to 100
pps. :
The source was located on a vacuum chamber with a
base pressure of about 5X 1077 Torr. Magnetically sup-
pressed Faraday cups were positioned within the vessel to
monitor the ion-beam current. The first Faraday cup, FCI,
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FIG. 1. Photograph of the MEVVA IV ion source showing the multiple
cathode assembly.

had a rectangular entrance aperture of dimensions
7.3 em X 15 cm, and was positioned at an axial distance of 20
cm from the ion-source extractor to the collector plate of the
Faraday cup; this geometry is such that FC1 monitors essen-
tially the entire beam produced (i.e., all the beam is collect-
ed). A second Faraday cup, FC2, was positioned at an axial
distance of 59 cm from the source and could be used to moni-
tor the beam current when FC1 was retracted. FC2 had a
circular entrance aperture of 5§ cm diam; this geometry is
such that FC2 monitors only the beam current within a half-
angle of approximately 2.5°. A schematic of the experimental
configuration is shown in Fig. 2.

Hi. RESULTS

We measured the beam current, [, ., using the two
Faraday cups FC1 and FC2, as a function of extractor vol-
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FIG. 2. Schematic of the experimental configuration.
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tage V,,. and arc current 7, for the three different cathode
materials Ti, Ta, and Pb, and for two different extractor grid
spacings, g = 0.89 and 0.38 cm. The results are shown in
Figs. 3-7.

Beam current measured at the first Faraday cup FC1 as
a function of extractor voltage is shown in Figs. 3(a)-3(c)
for cathodes of Ti, Ta, and Pb, respectively, and for an ex-
tractor gap of 0.85 cm, where the arc current has been varied
parametrically. One can see that: (1) the beam current gen-
erally increases with extractor voltage and arc current, and
decreases withion mass; (2) for a given arc cerrent (vacuum
arc plasma density ) the beam current increases with extrac-
tor voltage up to a saturation value; (3) the saturation value
is greater for higher arc current and for lower ion mass; and
{4) for sufficiently high arc current the beam current no
longer increases with arc current. These observations of the
beam functional behavior are qualitatively as expected.

These data can be plotted as a function of arc carrent
where the extractor voltage is varied as a parameter. The
results are shown in Figs. 4(a}—4(c) for Ti, Ta, and Pb,
respectively. The Ti data are particularly revealing in that an
optimum extraction condition can clearly be seen, as indicat-
ed by the dashed line in Fig. 4(a); there is an arc current
(i.e., plasma density) for which the beam current is a maxi-
mum for a given extraction voltage. In all these cases the
beam current increases with extraction voitage for fixed arc
current.

The beam current measured by Faraday cup FC2 is only
a fraction of the total beam current. The half angle subtend-
ed by the 5-cm-diam cup at its distance of 59 cm from the ion
sourceis 2.5°, implying a moderately “tight” ion beam. Atan
extraction voltage of 70 kV, for example, the corresponding
normalized emittance of the beam monitored by FC2 lies in
the approximate range (5-10) X 10 "* 7 m rad, depending
on the particular metal-ion species employed. Thus the cur-
rent measured at FC2 is a function of the beam emittance
also, whereas that measured by FC1 is not. Figures 5(a)-
5{c) show the beam current measured by FC2 as a function
of arc current for Ti, Ta, and Pb, respectively, where the
extraction voliage is varied parametrically. These curves are
noticeably more peaked than for the corresponding FC1
curves, indicating that the variation of extraction optics and
beam divergence as a function of arc current now plays an
important role in the beam current coilected. There is an
optimum arc current at which the plasma density is best
matched to the extraction optics.

The ratio of the beam current collected by FC2 to that
collected by FC1 is plotted in Fig. 6 for the case of a Ta beam.
The ratio fpe, /Ty, has a maximum of 20% at optimum
extraction parameters and falls to a low of about 8% over the
range investigated. These data show clearly the effect of arc
current and extraction voltage on the extraction optics and
beam emittance, and indicate that a modest arc current of
order 100-150 A provides the right conditions for optimum
extraction optics.

All of the above data were taken for a fixed ion-source
extractor gap of g = 0.89 cm. We reduced the gap width to
g = 0.38 cm and the results of 2 limited data set are shown in
Figs. 7(a}-7(c) for cathodes of Ti, Ta, and Pb, respectively.

Arc ion source 3776

Downloaded 05 Feb 2007 to 128.1.87.0:164.-Redistribution.subject.to.AlR.license or.copyright, see http://rsi.aip.org/rsi/copyright.jsp



i T T ¥ ¥ R T T H T [f 7 T T
i, FCH, g ﬂarc 180 - Pb, FC1, gt arc
500 1680
T 140
= E
é 400 g 120
= g
5 3 100
e
3 5
e 300 8 BO
@
}) o=
o 2 g0
=
2
200 40
20
100 i ] § 1 1 i 3
o 0 20 30 4¢ 50 60 70 &0
Extraction Voltage (kV)
{c}
Extraction Voltage (kv}
{a}
T T T 7 T T ;
Ta, FC1, gt
400 - ~
2 are
E
E 300
£
3
£ FIG. 3. Jon-beam current as a function of extraction voltage, with arc cur-
8 rent as a parameter. Measured with FC1 and for an extraction gap
@ 200 g=gi =0.8%cm. (a)Ti, (b)Ta, (c)Ph.
§
100
Extraction VYoltage (kV)
{b}
3777 Rev. Sci. instrum., Vol. 61, No. 12, December 1890 Arc ion source 3777

e DOVINICAd D05 Fe0.2007-10..128.184.0.164. .Redistribution subject.to.AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



377

T I T T,
Ti, FC1, gt // Vextr.
500 +—
<
E 400
<
£
3
© 300 |-
&
o]
o
o
L 200
100
i : t !
1] 50 100 150 200 250
Arc Current {A}
{a}
T T T I
Ta, FC1, gi
400
Vextr.
<
£
= 300+
f o=
£
=
&)
g 200 +—
i3]
fas}
o
°
100
i 1 I i
4 50 100 150 200 250
Arc Current {A}
(b}
8 Rev. Sci. Instrum., Vol. 61, No. 12, December 1290

lon Beam Current {(mA)

{e)

180

160 —

140 -

120

100 -

60

40 -

T
Pb, FC1, g1

i I

100 150

Arc Current {A)

200

250

FIG. 4. Ion-beam current as a function of arc current, with extraction vol-
tage as a parameter. Measured with FC1 and for an extraction gap
g=g1 =089 cm. (a)Ti, {b)Ta, (¢) Pb.

Arc ion source

3778



100 s T 7 T ! =S ! i
Ti, FC2, g1 Vor 30}~ Fb. FC2 gt '
80 -
<
E
€ 6ob- .
: z
8 E gg b
£ ]
&
& 40 g
[&]
& £
@
D
20}~ @
[ oy
£
10+
| i i }
¢ 50 100 150 200 250
Arc Current
{a}
i 1 i $ J
0 50 100 150 200 250
Arc Current (A)
fc}
T T T ¥
Ta, FC2, gt Vextr
50 ~
T s
=
4
5
S 30 FIG. 5. Ion-beam current as a function of arc current, with extraction vol-
£ tage as a parameter. Measured with FC2 and for an extraction gap
8 g=g1=0.89cm. (a)T1, (b)Ta, (¢)Pb.
[44]
§ a20f
10 =~
4 ]| 1 i
o] 50 100 150 200 250
Arc Current (A)
{o}
3772 Rev. Sci. Instrum., Yol. 61, No. 12, December 1980 Arc ion source 3778

.................. Downloaded. 05.Feb-2007.10-128.187.0-164.-Redistrihution.subject-te AIP license or-cepyright,.see-hitp:/irsi.aip.crgisilcopyrightjsp



T T T T
Te, gl
20
3
O
&
o
[&]
jre
& 10
31
R
w
i | A i
[} 50 100 150 200 250

Arc Current (A}
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FC1 as a function of arc current, with extraction voltage as a parameter.
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The beam current measured by the first Faraday cup FCl is
shown as a function of arc current, where the extraction
voltage is varied parametricaily. The beam current is greater
than that obtained for the larger extractor spacing, as shown
in Figs. 4(a)-4(c). An optimum arc current, at which the
beam current is maximum for a given extractor voliage, is
apparent in all cases.

V. DISCUSSION

The current / that can be drawn from a plane, parallel
geometry under space-charge-limited conditions is given by
the Child-Langmuir eguation®

4 29.\'? V3"
I =—¢€S{—
9 03<M,.) d?

17237372
:1.72S<=g_) Vﬁ , (1
A d*
where § is the extractor (open) area, ¢; = ¢Q is the ion
charge, m, = Am,,, is the ion mass, ¥ the applied extrac-
tion voltage, d the extractor gap width, and in the second
expression 7 is in mA, the voltage ¥is in kV, the area Sin
cm?, and the extractor gap d in cm. The validity of this sim-
ple form of the Child-Langmuir equation in providing a de-
scription of the ion current drawn between the plane, paral-
lel electrodes of an ion source has been well confirmed by
many authors over 2 wide range of parameters.**** Itis thus
of interest to compare the results obtained here with the
Child-Langmuir predictions. Note that the beam is space
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charge neutralized to a very high degree (except of course
within the accelerating gap of the beam formation electrode
svstem ), as is demonstrated by the observation that the
beam propagates without blowup' (i.e., the beam trajector-
ies are straight).

The variation of beam current with extractor voltage is
shown in Fig. 8. The data for this comparison have been
taken from Fig. 4(a) for Ti, Fig. 7(b) for Ta, and Fig. 7(c)
for Pb. To best approximate the plane, parallel condition we
have chosen those data that correspond to the optimal beam
extraction conditions, in turn corresponding to the maxima
that are visible in Figs. 4(a), 7(b}, and 7(c). This optimum
corresponds to the minimum beam divergence condition,
and is also called the optimum perveance, or perveance
match, condition. The straight lines drawn in Fig. 8 have a
¥3/% yariation, and the excellent fit of the data to this pre-
dicted slope is evident.

A comparison of the absolute values of the measured
beam currents with the values predicted by the Child—Lang-
muir equation can be made also. The data shown in Fig. 8
can be used together with the Q and 4 values listedin Table
and the geometric extraction area § giver above to calculate
theoretical beam currents for the cases of Ti, Ta, and Pb
beams. The ratio £,,/1,,, where I, is the measured beam
current and [,; the theoretical value, for these three cases is
0.79, 0.48, and 0.49, respectively. We interpret this discrep-
ancy {departure from unity) as due to the effective beam
extraction area being less than the geometric value.

Ag a comparison of the variation of beam current with
extractor gap, we take the effective gap width toc be
d = g + 7, where g is the geometric separation and r is the
hole radius. The Child—Langmuir prediction, R, gicicas fOF
the ratio of the beam currents measured at two different ex-
tractor gaps is then simply (d,/d,)?, or here (g1 = 0.89 cm,
g2=038cm, r=0.15cm), R, gueq = 3-85. Measured
beam current ratios are 4.0 (Ti, 30 kV), 3.36(Ta, 40 kV),
and 2.74(Pb, 40 kV), where again we have chosen the per-
veance match condition.

Finally, the variation of beam current with the charge-
to-mass ratio, @ /A4, of the beam species can be measured and
compared with the Child-Langmuir prediction, and the re-
sults of this comparison are shown in Table I. Here the
charge state O has been taken as equal to the mean charge
state @ for the particular metal ion as measured in a series of

TABLE I. Beam current variation as a function of ion species charge-to-
mass ratio: comparison of measured beam current ratios with that predicted
from the Child-Langmuir equation. The predicted values (R qicica) are
determined from the {0 /4" ratios and the measured values (R, cuured )
from 1, ..., the 60-kV data of Figs. 4(a)—4(c).

Ti Ta Pb
0 2.14 2.96 1.53
4 48 181 207
(Gra)”? 0211 0.128 0.086
Foeums (MA) 360 213 140
Ripecictes 2.45 1.49 1
2.57 1.54 1

measured
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experiments previously made in our laboratory and reported
eisewhere.*?® The measured values of the beam current are
maxima at 60 kV for gl as shown in Figs. 4(a)—4(c) (i.e,
perveance match for 60 kV with gl). The comparison of
measured current ratics to predicted current ratios shows
excellent agreement.

The beam current produced by the MEVVA IV ion
source has been measured over a range of operating condi-
tions as a function of the primary source parameters includ-
ing extraction voltage, arc current, extraction gap, and met-
al-ton species. The variation of the beam current with
extraction voltage, extraction gap, and charge-to-mass ratio
of the ion species employed is in good agreement with that
predicted by the Child-Langmuir equation. The metal-ion
beam current varied up to a maximum of 700 mA over the
range of parameters investigated here. These results demon-
strate that the MEVVA ion source can be used to reliably
produce intense pulsed metal-ion beams. A higher current
version of metal vapor vacuum arc ion source is presently
under development.
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