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Axial ion charge state distribution in the vacuum arc plasma jet
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~Presented on 6 September 1999!

We report on our experimental studies of the ion charge state distribution~CSD! of vacuum arc
plasmas using a time-of-flight diagnostic method. The dependence of the CSD on the axial distance
from the plasma source region was measured for a titanium vacuum arc. It was found that the axial
CSD profile is nonuniform. Generally, the mean charge state increases approximately linearly with
axial distance from about 1.7 at 12 cm up to 1.9 at 25 cm from the plasma source. A model for ion
transport in the free boundary plasma jet is proposed which is based on the existence of an electric
field in the quasineutral plasma. This model qualitatively explains the experimental results.
© 2000 American Institute of Physics.@S0034-6748~00!58302-6#
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I. INTRODUCTION

The generation of multiply charged ion beams is an
tive research area with many applications. Broad beam
multiply charged metal ions can be produced by a vacu
arc plasma discharge.1 The properties and characteristics
the vacuum-arc-generated plasma have been investigate
many decades.2 One of the advantages of the vacuum arc
the formation of a relatively high fraction of multiply
charged ions. The charge state distribution~CSD! of ions
produced by vacuum arc plasma jets contains species
Q51 up to 5, with a mean charge state^Q&51 – 3 under
normal conditions depending on the cathode material us3

Application of a strong external magnetic field and operat
with high arc current have been found to be effective ways
increase the ion charge state distribution.4,5

The vacuum arc plasma is generated at cathode sp
The plasma expands from the cathode spots into the vac
and, in an ion source embodiment, streams toward the
extractor system. The plasma expansion has been stu
theoretically previously in terms of a free-boundary plas
jet.6 An ambipolar electric field exists in the expandin
plasma and affects the highly charged ion species more
the lower charge states. It has been predicted that ion spe
with different charge states may be separated in the
boundary plasma jet so that the radial CSD becom
nonuniform.6 It has also been shown that the effect of t
spatial separation of different charged species depend
axial distance from the plasma generation region.

Some experimental data on the CSD in the station
vacuum arc plasma jet have previously been obtained
mass spectrometry.7 It was found that along the centerlin
the mean charge state decreases significantly 30 cm from
cathode plane. Unfortunately, the off-centerline axial var
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tion of the CSD was not presented. Here we report on
results of some experimental investigations of the ax
charge state distribution using a time-of-flight diagnost
and compare these results with theoretical predictions.

II. EXPERIMENTAL SETUP AND RESULTS

Our experiments were carried out using a vacuum
ion source of a kind that has been described in de
elsewhere;8 here we present only a brief description of th
particular embodiment employed in the present work. T
vacuum arc minigun consists of a cathode, an anode, a
trigger. The cathode spots burn on the front surface o
cylindrical titanium cathode~6.25 mm diameter!, the annular
anode has an inner diameter of about 2 cm, and the catho
anode distance is about 1 cm. For the work described h
the arc current was pulsed, of 100 A amplitude and 250ms
duration. The ion beam extractor voltage was 25 kV, and
distance between plasma source and extractor could be
ied from 10 to 25 cm.

The CSD was investigated by a time-of-flight~TOF!
charge-to-mass spectrometer system that is descr
elsewhere.9 The beam passes through an annular electros
beam deflector, with a central plate to block the direct line
sight between plasma the gun cathode and the TOF Far
cup. The accelerated ions drift through a distance~;1 m!
that is sufficient to allow the different charge-to-mass i
species to be spatially separated. The ions are monitored
Faraday cup at the far end of the drift region~as shown in
Fig. 1! that serves as a current monitor. The charge s
distribution is determined by the relative pulse heights of
TOF spectrum.

Thus, for this work, the ion beam formation system t
gether with the time-of-flight charge state diagnostic syst
serve as a means for characterizing the charge state dist
tion of the vacuum arc plasma as a function of axial posit
within the vacuum arc plasma jet. The axial position mo
© 2000 American Institute of Physics
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tored was varied simply by varying the distance from t
plasma gun to the extractor. Some variation of the CSD fr
shot to shot was observed, especially at small distances
the plasma source. All results presented here were aver
over 256 shots for each measurement.

A plot showing the typical variation of the individua
charge state fractions with axial distance is shown in Fig
At the closest distance to the plasma source, high cha
states were measured. In general the singly charged ion
decreases with axial distance while the doubly and tri
charged ion fluxes increase. This effect can be seen expli
in Fig. 3, where the axial variation of mean charge state
plotted. The mean charge state increases approximately
early with axial distance from about 1.7 at 12 cm up to 1.9
25 cm from the plasma source. The high mean charge s
measured at the closest distance to the cathode plane m
due to the influence of the high voltage extractor system
the plasma jet. In fact, at this distance large fluctuations
the CSD were observed.

III. MODEL AND COMPARISON WITH EXPERIMENT

We now briefly describe a model for the plasma jet e
pansion, with which we can simulate the above experim
A detailed description of the model can be found in Ref.
The model deals with the plasma jet originating from t
cathode. According to the vacuum arc cathode jet model
plasma has a density of about 1020m23 in the interelectrode
gap at a distance of a few cm from the cathode plane.10 For
such a density range the influence of inelastic collisions~ion-
ization, recombination, etc.! on the plasma density can b

FIG. 1. Schematic of the vacuum arc plasma source and TOF diagnos

FIG. 2. Charge state fractions as a function of axial distance from
plasma source.
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neglected. Experimental and theoretical investigations sh
that the vacuum arc plasma is almost fully ionized.2,11 The
plasma jet has a free radial boundary whose position will
determined as part of a self-consistent solution.11 We will
employ the following assumptions and conditions:~i! the
vacuum arc plasma is fully ionized;~ii ! during the expan-
sion, the temperature of each species remains constant;~iii !
the mean free path for elastic electron–ion collisions is mu
smaller than the characteristic plasma jet radius;~iv! the ions
and electrons are ideal gases with partial pressuresPa

5kTana , wherea5e and, i, k is the Boltzmann constant
andTe andTi are the electron and ion temperatures, respe
tively; ~v! the plasma does not carry electrical current,J
50; ~vi! no magnetic field is applied. The steady state b
havior of such a quasineutral, multicomponent plasma is
scribed by the following set of equations~subscriptj corre-
sponds to the different ion charge-state species.j 51,2,3,4!:

mjnj~v j¹!v j5QjenjE2¹Pj2menjn je~v j2ve!, ~1!

052eneE2¹Pe1mene(ne j~v i2ve!, ~2!

¹~neve!50, ~3!

¹~njv j !50, ~4!

wherev j andve are the ion and electron velocities, respe
tively, ne j is the collision frequency for electrons with ion
of chargeQj , andnj is the density. From Eqs.~1! and ~2!
using the quasineutrality conditionne5SQjnj and J
5eneve2SQjenjvj50 we have the equation for electri
field in the quasineutral plasma region:

E52
kTe

e
¹ ln~(Qjnj !2neme(ne j~v j2ve!. ~5!

The numerical analysis used here is similar to that
veloped previously.6,11 The system of Eqs.~1!–~4! was
solved by a finite difference method. The equations w
approximated by a two-layer, implicit six point scheme12

The problem was analyzed using dimensionless variab
where all velocities are normalized to the sonic velocitycs

s.

e

FIG. 3. Mean charge state as a function of distance from the plasma so



g

in
tr
s
s

-

n
ow

w
in
om
ea
s

o
gr

ch-
n

the
ate
t is
fers

n-
pe-

he
of

al
um
V,
et.
tric
ies
, the
on-
hin
etic
he
rk.
hed

e in

o-
t of

l,

.

h.

i.

l.

,th

700 Rev. Sci. Instrum., Vol. 71, No. 2, February 2000 Keidar, Brown, and Beilis
5@(kTe1kTi)/mi#
0.5, the density to its value at the startin

plane,n0 , and all coordinates toR0 , whereR0 is the plasma
jet radius at the starting plane.

The calculated radial component of the electric field
the plasma expansion region is shown in Fig. 4. The elec
field generally decreases in the axial direction. One can
that the normalized electric field is about 1. For the ca
considered,Te52 eV andR050.015 m, the radial compo
nent of electric field lies in the range of 100–400 V/m.

The axial distribution of the mean ion charge state alo
the centerline and in the plasma jet boundary region is sh
in Fig. 5. It can be seen that mean charge state decreases
axial distance from the starting plane along the centerl
and increases in the plasma jet boundary region. For c
parison we have plotted our experimental data for the m
charge state variation~triangles! and also the charge state
measured by Khoroshichet al.7 along the centerline
~squares!. One can see that the predictions of our model
the charge state behavior in the near boundary region a

FIG. 4. Normalized radial component of electric field.

FIG. 5. Mean charge state axial distribution. The solid line refers to
prediction of the model. The experimental data: present work~triangles!;
Khoroshikhet al. ~Ref. 7! ~squares!.
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with the measurements carried out by the time-of-flight te
nique~see Sec. II!, while the centerline charge state variatio
agrees with mass-spectrometer measurements.7 We note that
our TOF measurements are probably weighted toward
boundary region of the plasma jet because the TOF g
employed is annular and not on axis; however, this effec
reduced to the extent that the extracted ion beam suf
‘‘radial mixing’’ via beam divergence effects.

IV. DISCUSSION

It was found that the electric field in the plasma expa
sion region may lead to separation of ion charge state s
cies. However, this is a relatively small effect, since in t
free quasineutral plasma jet there is a small electric field
magnitude about;100 V/m. This corresponds to a potenti
drop across the plasma jet of only about 10 V. In the vacu
arc plasma jet ions have a directed energy of about 50 e13

which is larger than the potential drop within the plasma j
Thus one can expect only a small influence of the elec
field on the ion dynamics. However, the effect of ion spec
separation has some general importance. For instance
presence of a strong electric field could lead to a much str
ger effect. Such an electric field could be generated wit
the quasineutral plasma by application of an axial magn
field in the interelectrode region. This electric field has t
opposite direction to that considered in the present wo
Thus one would expect high-charge-state ions to be pus
toward the axis. This could explain the observed increas
mean ion charge state with axial magnetic field strength.3–5
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