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1 INTRODUCTION

Multiply charged ion beam generation is an active field of
research for a number of technological applications includ-
ing injectors for heavy ion accelerators. High current broad
metal ion beams can be formed by a vacuum arc ion source
[1]. This kind of ion source has been developed at Berke-
ley [2] and at many laboratories around the would over
the last ten years [3]–[7]. The metal arc discharge occurs
between ”cold” electrodes. After arc ignition by a high-
voltage, short-durationspark discharge, plasma is generated
by ionization of metal vapor from the cathode spots formed
on the surface of the negative electrode.

In normal operation vacuum arc ion sources provide, de-
pending on the extraction system, a few hundred mil-
liamperes of ion current with pulse length from 50 microsec-
onds to steady-state, generally containing ionization states
between Q = 1+ and Q = 5+ with a mean charge state from
1+ to 3+ depending on the metal used as the cathode of the
arc. Further upgrade can be achieved by application of a
magnetic field in the arc gap. In the vacuum arc all ioniza-
tion processes take place quite close to the cathode spots.
Thus the magnetic field is important only in this small re-
gion. This simplifies the production of a strong magnetic
field to confine not only the plasma electrons but also the
ions. It has been shown that the combination of a magnetic
field of up to 1 kG together with a small metal grid increases
ion beam current [8] improves the uniformity of beam cur-
rent density [9], reduces the noise of the beam current [10],
and allows simultaneous gaseous-metal ion beam genera-
tion [11].

A strong magnetic field gives rise an to enhancement of
the high charge state fractions [12, 13] in the vacuum arc
plasma. This result reduces the nesseccary dc acceleration
voltage for injection to rf-accelerators even for heaviest el-
ements. Here, we present experimental results on the influ-
ence of a strong magnetic field on the charge state distribu-
tion of ions in the vacuum arc ion source. This work was
carried out between GSI Darmstadt, HCEI Tomsk, and LBL
Berkeley in a collaboration.

2 EXPERIMENTAL SET-UP

The experiments reported here were done using multi-
cathode vacuum arc ion sources, both the MEVVA-4 GSI
version [14] and the MEVVA-5 developed at LBL [15].
Model experiments concerning the influence of magnetic
field on the emission parameters of the ion source were made
in Tomsk with the ”TITAN” ion source [16]. In the first two
cases a magnetic field was induced by a small pulsed field
coil mounted inside the anode region near the cathode.
A schematic of the GSI source, as modified to include the
magnetic field coil, is shown in Fig. 1. A detailed descrip-
tion of the basic design of this ion source has been presented
elsewhere [3]. The coil, 3 cm in diameter and 4 cm in length,
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Figure 1: MEVVA with grid and magnetic field(s).

contains about 250 turns of copper wire of 1.05 mm diam-
eter with a total resistance about 1 
, and produces 40 G
per ampere of coil current. These coil parameters are well
matched to the arc power supply, so we used a duplicate sup-
ply as designed at GSI for the MEVVA discharge. It was
also possible to use only a single power supply with a par-
allel connection of the arc and coil but separation of their
currents by resistors. In the Berkeley experiments we con-
nected the arc and coil in series. It is important to note that
two power supplies provide independent variation of the arc
current and the magnetic field. The coils produce a mag-



netic field of up to 6 kG (GSI experiments) and up to 10 kG
(LBL), repectively. Compared to the conventional large coil
for the MEVVA 3 using the small coil, we obtain a rather
narrow field distribution, and the field at the extraction sys-
tem is 100 times less than the maximum field. This fully re-
moves any influence of magnetic field on the beam extrac-
tion. As shown in Fig.1, in this modification of MEVVA ion
source the internal surface of the coil serves as the arc an-
ode, allowing increased plasma density, which is inversely
proportional to the anode space volume. The anode was ter-
minated by a metal grid; we used two meshes made from Ta
(0.75x0.75 mm2 and 0.25 mm thickness).
Ion charge state distributions were measured using a mag-
netic spectrometer (GSI) [3] and a time of flight system
(LBL) [17] . The first method provides an analysis of m/q
ratios within the beam, while the second gives an analysis of
the particle velocities within one single beam pulse. All ex-
periments were done at a background gas pressure of about
10�6 torr.

3 EXPERIMENTAL RESULTS

A strong influence of the magnetic field on the ion beam
charge state distributionwas observed. Similar results were
obtained in both the GSI and LBL experiments, confirming
the validity of both sets of experiments.
Increasing the magnetic field strength up to a few kG in-
creases the intensityof the high charge state components and
decreases the low charge states in the vacuum arc plasma.
This result was observed for more then 30 different cath-
ode materials used in our experiments. In the case of an Ag
cathode, for example, the Ag4+ fraction increases by a fac-
tor of 30 from about 1% to 30%, Ag5+ increases from zero
to 3%, while at the same time the lower charge state compo-
nents decrease from 61% to 23% (Ag2+) and from 13% to
7% (Ag+). All data are in particle current fractions. There
is an important difference in arc voltage behavior also; thus
as an example, for a titanium cathode without magnetic field
increasing the arc discharge current from 100 to 700 A is ac-
companied by an arc voltage increase from 18 to 32 V, while
with a magnetic field increase from 1 to 7 kG the voltage in-
creases from 32 to 78 V.
Measurements of the effect of arc current on the surface of
the anode mesh allow us to estimate the current density and
plasma density. Thus with a strong magnetic field the aver-
age plasma density increased about 16 times, and its value
at 20 mm distance from the cathode spot can be as high as
1014 – 1015 cm�3. One can conclude that a dense plasma
exists relatively far from the cathode spot when a magnetic
field is present.
It is important to note that with a high magnetic field new
high charge state components can be formed that are not
present in the zero-field case (C3+, Ti5+, Ni5+, Ni6+, Cr5+,
Pt5+, Mn4+, Ba3+, Ba4+, Bi4+, Mo6+, U6+, and others).
Enhancement factors in the mean charge state were between
1.2 and 2.45 depending on the magnetic field and cathode
materials. Comparison of charge state distributions with-

out and with magnetic field for some cathode materials are
shown in Table 1.
Because of the series connection of the coil and the arc in
some of the LBL experiments it is important to separate the
influence of magnetic field from that of the arc current it-
self. Experiments show that for up to 1 kA of discharge cur-
rent the dependence of charge state distribution on arc cur-
rent is negligibly small. For arc current above 1 kA how-
ever, together with the ”pure” influence of magnetic field the
charge state distribution was also influenced by increase of
discharge current. Comparison of the charge state distribu-
tion at high arc current with and without external magnetic
field shows that both arc current and magnetic field have a
similar influence, but higher current is required to obtain the
same effect in the case of zero external B-field. Simple esti-
mates indicate that the influence of the discharge current is
connected with the self magnetic field of the arc. This fact
leads us to the hypothesis that the magnetic field alone is
the explanation for the enhancement of higher charge state
fractions in the vacuum arc plasma.

4 CONCLUSION

The experimental results on the influence of a strong mag-
netic field on the charge state distribution of ions in the vac-
uum arc plasma can be explained by increased power input
into the near-spot plasma. This provides an increase in ion-
ization by plasma electrons. Increased plasma density and
improved ion confinement, with associated increase in the
electron-ion collisions in the plasma, are two additional fac-
tors which enhance the multiple ionization processes. There
is a correlation between the value of ionization potential of
the highest charge states in the vacuum arc plasma and the
maximum value of the discharge voltage. This implies that
in order to increase the limits of multiple ionization in the
vacuum arc plasma one should find a method to increase the
arc discharge voltage.
For the planned high current injector at GSI U4+ is the de-
sign ion. From the desired electrical current of 15 mA al-
ready 8 mA could be transported and analyzed at the test
bench. The beam emittance was measured with �n =

0:2 ��mm�mrad. However, the reduction of noise is still a
topic of further development.
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Table 1: Charge state distribution and mean charge state (all in particle current fractions) for a range of metal ion species.
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