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ABSTRACT 

An ion source is described in which a metal vapor 
vacuum arc is used to create the plasma from which the 
ions are extracted. Beams of a variety of ions have been 
produced, ranging from lithium up to uranium. At an 
extraction voltage of 25 kV we’ve measured an ion beam 
current of over 1 Ampere, with over 550 ema of the 
beam in an emittance of 0.0731 cm. mradians 
(normalized). The ion charge state distribution varies 
with cathode material and with arc power; for uranium a 
typical distribution is peaked at U5 +, with up to 40% of 
the beam current in this charge state. 

INTRODUCTION 

Progress in the development of high current ion 
sources has been significant in the last decade. The 
requirements of the magnetic fusion research program 
have fostered the development of neutral beam sources 
capable of delivering beams of hydrogen isotopes having 
equivalent currents up to the 100 .4mp range [1,21. The 
heavy ion fusion research program has seen the devel- 
opment of sub-microsecond beams with current 
approaching 1 ?.I.4 [3-51. The production of long pulse 
or dc ion beams from solids has not witnessed similar 
progress however. These kinds of beams have to-date 
been obtained by employing vaporization of the solid 
[6-91, or surface ionization IS,lOl, or sputtering 
[6,11,121. Beams of uranium ions have been produced 
by a PIG source using sputtering, of intensity up to 
several tens of milliamperes t 111. 

The source that we’ve developed makes use of a 
dense plasma created directly from the solid material, as 
the medium from which ions are extracted. The plasma 
is created using a metal vapor arc discharge in vacuum. 
Extraction of ions from the plasma is accomplished using 
an accel-decel, multi-aperture grid system, and an 
intense ion beam composed of the cathode material is 
thereby produced. The application of metal vapor arcs 
to the production of beams of metal ions has been 
recognized recently by several workers [13,141. This 
paper describes the embodiment of the concept that 
we’ve developed at LBL. Distinguishing characteristics 
of our source include a high quality beam and a long- 
pulse or dc extraction system. 

DESCRIPTION OF THE SOURCE 

The 1lEVVA ion source is comprised of a metal 
vapor vacuum arc plasma source, a drift or plasma- 
shaping region, and a set of grids for ion extraction. 
The structure is housed within a simple vacuum cham- 
ber having a base pressure in the 10% Torr range. A 
schematic of the source is shown in Figure 1. 

--.---_----- 
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Figure 1. MEVVA ion source. Outline of the arc and 
extractor regions. 

The metal vapor arc is a plasma phenomenon that 
has been well investigated for many years [15,161; it is 
a field of research that has largely been the domain of 
the high current switching community. We’ve drawn 
upon this body of work, and most especially from the 
work of Gilmour and Lockwood 1171 who have described 
a configuration which is particularly well-suited to the 
requirements of an ion source. In the metal vapor arc 
discharge, material is vaporized and ionized at the 
cathode surface through the formation of ‘cathode 
spots’ - minute regions of intense current concentra- 
tion (thought to be of order lo6 Amps/cm2 or greater). 
Many such cathode spots participate in a typical vac- 
uum arc discharge, the net result of which is the forma- 
tion of a dense plasma of cathode material. This quasi- 
neutral plasma plumes away from the cathode toward the 
anode. A portion of the plasma plume impinges upon the 
anode, completing the electrical circuit and allowing the 
arc to persist for as long as the external current drive 
is maintained. The central part of the plasma plume, 
however, is allowed to flow through a central hole in the 
anode, and it is this component of the plasma that forms 
the medium from which ions are extracted. The plasma 
plume drifts,through the post-anode region to the set of 
grids that comprise the ion extractor. 

The ion extraction system consists of a set of 
three grids, each of which is an array of about 100 or 
more small holes of diameter about 1 mm or so, with an 
array diameter of 2 cm. The first grid (closest to the 
anode) is connected to the anode via a 500 Ohm 
resistor; the second (middle) grid is the electron 
suppressor and is held at about -1 kV; the third (out- 
ermost) grid is tied to ground. The arc (cathode-anode 
circuit) and the first grid are floated to extractor 
potential, which for our work to-date has been in the 
range 10 - 25 kV. Thus the ion accelerating voltage 
appears across the gap between grids one and two. This 
kind of grid system is well-understood and has been 
described by a number of authors [18,191. 
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The arc is initiated by a trigger electrode located 
coaxially within the cathode and separated from it by a 

i thin alumina sheath. A short pulse of several 
microseconds duration and of amplitude 10 - 20 kV 
causes sufficient initial ionization to allow the main arc 
to grow. Various other means of triggering the arc, 
apart from this coaxial trigger electrode configuration, 
are possible and we are currently investigating 
alternatives. 

A magnetic field coil located at the anode plane 
serves to establish a small field throughout the plasma 
region, of strength up to a few hundred Gauss. The 
plasma plume is thereby guided maximally through the 
anode hole. This feature also adds an additional control 
over the density and radial profile of the plasma plume 
at the extractor, and thus allows for optimization of the 
extraction optics and production of a high quality beam. 
It is also possible that the magnetic field helps to sup- 
press the growth of mhd instabilities in the arc plasma 
because of the favorable field curvature 120,211; this 
would in turn produce a more quiescent beam than 
might otherwise occur. None-the-less, the magnetic field 
is not an essential feature of the source, and we’ve 
often operated with the magnet off. 

We’ve constructed and tested several versions of 
the MEWA ion source. Figure 1 is a schematic outline of 
the arc and extractor region of MEWA II, that embodi- 
ment with which we’ve carried out most of our work. A 
photograph of the disassembled MEVVA II source is 
shown in Figure 2. We’ve also made a smaller version, 
MEW.4 III, and a photograph of this source is shown in 
Figure 3. 
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Figure 2. Photograph of the disassembled MEVVA II 
source. 

SOURCE PERFORMANCE 

For accelerator application at Lawrence Berkeley 
Laboratory we’re mainly interested in producing intense 
uranium beams in the SuperHILAC (8.5 MeVlamu) and 
the Bevalac [22,23,241 (21 GeV/amu), and thus we’ve 
run the MEW.4 source using a cathode fabricated of 
depleted uranium. For simplicity in handling, however, 
most of our development work was done using tantalum. 
The complete range of cathode materials that we’ve 
tried includes: lithium, carbon, aluminum, silicon, 
titanium, iron, niobium, tantalum, gold, lead, uranium, 
and lanthanum hexaboride. In all cases, we’ve extracted 
beam and sampled the ion charge state distribution 
(CSD) using a time-of-flight diagnostic. 

Figure 3. Photograph of MEWA III. 

In these tests the arc was driven by a 300 
microsecond, B-section, LC pulse line of impedance 0.5 
Ohms with a Gibbs section on the front end to sharpen 
the rise-time. We’ve also run with an arc pulse length 
as long as 3 milliseconds, and we’ve operated the arc 
alone, without extraction of beam, for an on-time of 20 
seconds. Repetition rate was typically about 2 pulses 
per second; the maximum rate of about 10 pps was set 
by the electronics available to us. The main concern to 
be addressed at high duty cycle or dc is the provision 
of adequate cooling. 

Some conditioning of a newly-assembled source is 
needed. As is usual for high voltage, high current ion 
sources it is necessary to “bake in” the extractor grids 
in a preliminary conditioning run in order to obtain full 
voltage holding capability. The source is run 
repetitively while slowly increasing the arc current and 
extractor voltage. Once the grids have been condi- 
tioned in this way they’11 hold full voltage indefinitely, 
requiring only minimal re-conditioning after exposure to 
atmosphere or handling. The cathode itself also needs a 
similar bake-in before a clean spectrum can be 
obtained. Interestingly, we observe that the small frac- 
tion of impurity ions present in the beam spectrum is 
further reduced as the pulse repetition rate is 
increased, presumably because of the reduction in 
cathode surface impurity level build-up, and perhaps 
also due to pumping of the arc environment by freshly 
deposited metal. 

A bright and well collimated plasma plume is gen- 
erated by that part of the arc plasma that flows through 
the anode hole. Figure 4 is a photograph of a uranium 
plasma plume in the MEWA I source. 

Note that the apparent blow-up of the beam is not 
a space charge effect since the plume is a quasi-neutral 
plasma, but is due to the magnetic ducting of the 
plasma; the plasma radius obeys the flux conservation 
rule Br2 = constant. A thin aluminum foil was located so 
as to collect the mass of tantalum transferred by the 
plume. The mass of the foil was determined before and 
after a series of several hundred shots with an arc cur- 
rent of 440 Amps. The specific mass transfer was found 
to be 4 x 10qq Kgm/Coulomb of arc current. Note that 
this refers not to the total mass evolved from the 
cathode, but just to that component that streams 



through the anode hole and is thus available to the 
extraction grids for the creation of beam. This value is 
only about 5% of the total cathode mass evolution, in the 
form of ions, as estimated by previous workers 117,251, 
and might be taken as an indication of the efficiency 
with which the plume transfers mass (and charge) out of 
the arc for our geometry. One might thus speculate that 
an improvement in this efficiency might be possible, of 
up to about an order of magnitude, by judicious choice 
of geometry. 

Figure 4. Uranium plasma plume streaming through the 
anode hole (left) and expanding along the 
magnetic field en route to the extractor 
(right). MEVVA I. 

We have used a gridded electrostatic energy 
analyzer to measure the longitudinal ion temperature of 
the plasma in the plume. We obtained a value of 15 eV, 
and this may be taken as a minimum value of the energy 
spread of the extracted ion beam also. Further, if we 
assume that the transverse ion temperature equals the 
longitudinal temperature (equilibration within the 
cathode spot plasma), then we can can estimate a lower 
bound for the angular divergence of the extracted 
beam : 

e min = VL 1 vi11 = (Tk / G’,,.) 
l/2 

which for < = 3 for tantalum and an extraction voltage 
of 20 kV gives emin = 0.9O , or an emittance cmin = 
0.013 A cm.mrad.(normalized). This is the minimum 
emittance obtainable, in the case that the extraction is 
ideal. 

The current in the extracted beam has been mea- 
sured using several different kinds of Faraday cups and 
calorimeters. These different techniques all agree with 
an uncertainty of no more than SO%. We have not mea- 
sured beam current for all cathode materials and all 
operating conditions, but we have a fair sampling. The 
highest current that we’ve measured was 1.1 Amps; this 
was a tantalum beam (all charge states) extracted at 25 
kV. We’ve also measured 0.5 Amps of niobium at 14 kV 
and 0.8 - 1.0 Amps of lithium at 17 kV. (These data 
were taken under different operating conditions, and 
should not be compared quantitatively to each other). 

Another important diagnostic that we’ve employed 
is a 16-cup beam profile monitor [261. An example of 
output from this diagnostic is shown in Figure 5. The 
smooth curve is a fitted Gaussian, from which the beam 
parameters were derived. 

Figure 5. Radial current profile as measured by 16-cup 
profile monitor, with fitted Gaussian. 

We have yet to carry out a detailed study of beam 
emittance using the traditional scanning technique ISI. 
We have however used beam profile measurements and 
the known geometry to obtain a reasonable estimate of 
emittance; on-line computer analysis of the beam profile 
monitor data [271 provides this emittance calculation. 
For the profile shown in Figure 5 the emittance is 
0.067~ cm.mrad.(normalized) measured to the half width 
of the radial current profile. Further measurements of 
beam quality are shown in Figure 6, where the beam 
half-width is plotted as a function of distance. 
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Figure 6. Beam half-width vs. distance from extractor. 

Here it’s clear that the beam diverges linearly, 
that the envelope extrapolates back to the extractor 
radius, and that the divergence half-angle is 50 mrad 
or 2.9O. For the extraction voltage of 15 kV and taking 
an average charge state of 3+ for this tantalum beam, 
this corresponds to an emittance of 0.036~1 
em.mrad.(normalized). This is close to the best 
emittance we’ve been able to obtain to-date, without 
collimation. 

The charge state distribution of the extracted ion 
beam has been measured by the time-of-flight method. 
The spectra obtained are typically very pure, contain- 
ing a low component (less than a few percent) of species 
other than the cathode material; we can take this fortu- 
itous behavior as evidence that the plasma originates 
solely at the cathode spots, and that the trigger elec- 
trode, trigger insulator and anode do not generate 
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significant impurities. The fit of the measured spectra 
to the calculated drift times is excellent. We’ve also 
measi\red the CSD using a magnetic analysis for some 
cases, and the data obtained in this manner confirm the 
time-of-flight spectra. We have noticed however that 
there can be some charge exchange of the beam ions 
after extraction. 

Figure 7 shows the CSD for the case of uranium. 
The distribution is peaked at Us+, with about 40% of the 
total beam current in this charge state. The CSD 
obtained varies with cathode material and with arc 
power. Higher Z materials burn with a higher arc volt- 
age and the average charge state is concommitantly 
higher also: for uranium the arc voltage is up to about 
100 volts, while for carbon it is about 10 - 15 volts and 
only the singly ionized C + is seen in the CSD. The 
power dissipated in the arc also determines the CSD to 
some extent, and a plot of the average charge state as a 
function of arc power, for tantalum, is shown in Figure 
8. Note that the range of arc power spanned is about 2 
- 100 kW; for low Z cathodes the power dissipated can 
be an order of magnitude less. 
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Figure 7. Uranium ion beam charge state distribution as 
measured by time-of-flight diagnostic. 
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Figure 8. Mean charge state vs. arc input power, for 
tantalum. 

It is interesting to note that a cathode fabricated 
from lanthanum hexaboride produces a spectrum con- 
taining both lanthanum (La2+, La3+) and boron (B+, 
B 2+), this even though boron itself is non-metallic. One 
might thus generalize that the MEWA source can pro- 
duce beams containing species from non-conducting 
materials when that material is incorporated into a con- 
ducting compound, and this might also hold for 
cathodes of alloyed materials. 

It is important that the beam intensity and CSD 
remain intact throughout the entire duration of the 
beam pulse, and that this hold true for ext.raction times 
longer than our usual 300 microsecond pulse. To 
address these concerns we’ve run some tests with a 3 
millisecond pulse line, monitoring the time-of-flight 
spectra at a sequence of times throughout the pulse. In 
Figure 9 is shown the arc current pulse used and mark- 
ers indicating the times at which time-of-flight spectra 
were monitored; these spectra are shown in Figure 10. 
We can make the following observations: (i>. The beam 
CSD is similar throughout the 2.5 msec span monitored; 
(ii). The average charge state is higher earlier in the 
arc pulse when the arc current is higher; (iii). There 
is a gradual decrease in beam intensity throughout the 
pulse, as the arc puIse line current droops. Moreover, 
apart from a smooth decrease due to the falling arc cur- 
rent, very little jitter in the beam intensity and in CSD 
is seen; shot-to-shot-variation is minimal. (There is a 
small jitter in flight times because of imperfect extractor 
supply regulation). 

Figure 9. Long pulse arc current and time-of-fligh 
timing markers. Sweep speed 0.5 msec/cm. 

Figure 10. Time-of-flight CSD for the times indicated in 
Figure 9. Early times top, late times bottom. 



CONCLUSION 

The metal vapor vacuum arc provides a means of 
creating a dense plasma from a conducting solid 
material, from which a high current ion beam can be 
extracted. The source described here is one embodi- 
ment of this concept. A great deal of research and 
development remains to be carried out to fully charac- 
terize and understand the hlEWA ion source behavior. 
Improvements in design parameters will be necessary 
for full exploitation of the concept. A major concern that 
is not so peripheral is the transport of these intense 
heavy ion beams in neutralization-unfriendly 
environments (eg, magnetic fields and accelerating col- 
umns). Given the potential of this kind of ion source, 
we might be confident that these developments will take 
place in the near future. 
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