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Axial ion charge state distribution in the vacuum arc plasma jet
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We report on our experimental studies of the ion charge state distrib(@8Bb) 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 Physidss0034-67480)58302-9

I. INTRODUCTION tion of the CSD was not presented. Here we report on the
results of some experimental investigations of the axial

The generation of multiply charged ion beams is an accharge state distribution using a time-of-flight diagnostic,

tive research area with many applications. Broad beams aind compare these results with theoretical predictions.

multiply charged metal ions can be produced by a vacuum

arc plasma dischardeThe properties and characteristics of |I. EXPERIMENTAL SETUP AND RESULTS

the vacuum-arc-generated plasma have been investigated for . . .

many decade5One of the advantages of the vacuum arc s, Our experiments were carried out using a vacuum arc

. . . . . ion source of a kind that has been described in detail
the formation of a relatively high fraction of multiply elsewheré: here we present only a brief description of the
charged ions. The charge state distributi@SD) of ions ’ P y P

produced by vacuum arc plasma jets contains species witjl%artICUIar embpcﬁment employed in the present work. The
Q=1 up to 5, with a mean charge sta@)=1-3 under vacuum arc minigun consists of a cathode, an anode, and a

) . . trigger. The cathode spots burn on the front surface of a
normal conditions depending on the cathode material Bised, 2> o .
L L . “tylindrical titanium cathod€6.25 mm diametegr the annular
Application of a strong external magnetic field and operation . .
N : anode has an inner diameter of about 2 cm, and the cathode—
with high arc current have been found to be effective ways tqg : . .
) ) o anode distance is about 1 cm. For the work described here
increase the ion charge state distributfon. )
The vacuum arc plasma is generated at cathode s Otthe arc current was pulsed, of 100 A amplitude and 250
b 9 PO%Furation. The ion beam extractor voltage was 25 kV, and the

The plasmg expands from the.cathode Spots into the vVaculiflsiance between plasma source and extractor could be var-
and, in an ion source embodiment, streams toward the IO from 10 to 25 cm

extractor system. The plasma expansion has been studie The CSD was investigated by a time-of-flightOF)

Fheé) retically previously in.ter.ms ofgfreg-boundary pIaL?’mat:harge—to—mass spectrometer system that is described
Jelt' An argbl]golar (:]Ie(;]t_rlchlflelg emzts_, n the_expandmﬁ elsewheré.The beam passes through an annular electrostatic
plasma and affects the highly charge lon Species more t HBbam deflector, with a central plate to block the direct line of
th.e Iovyer charge states. It has been predicted that. ion speC|g®ht between plasma the gun cathode and the TOF Faraday
with different charg_e states may be separated in the fregup_ The accelerated ions drift through a distatied m)
boundgry Elasma jet so that the radial CSD becomeg ;i gufficient to allow the different charge-to-mass ion
nonuniform.” It has also been shown that the effect of the o ieq 1o pe spatially separated. The ions are monitored by a
spgtlal.separatlon of different charged. species depends qf[;raday cup at the far end of the drift regitas shown in
axial distance from the plasma generation region. Fig. 1) that serves as a current monitor. The charge state

Some experimental data on the CSD in the stationaryisyinytion is determined by the relative pulse heights of the
vacuum arc plasma jet have previously been obtained byqe spectrum.

mass spectrometrfylt was found that along the centerline 11,5 for this work, the ion beam formation system to-
the mean charge state decreases significantly 30 cm from the,her \yith the time-of-flight charge state diagnostic system
cathode plane. Unfortunately, the off-centerline axial variagere as a means for characterizing the charge state distribu-
tion of the vacuum arc plasma as a function of axial position
dElectronic mail: keidar@engin.umich.edu within the vacuum arc plasma jet. The axial position moni-
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FIG. 1. Schematic of the vacuum arc plasma source and TOF diagnosticsé i E
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tored was varied simply by varying the distance from the 4454
plasma gun to the extractor. Some variation of the CSD from

shot to shot was observed, especially at small distances fror 180+—7FV——F———T———7T——T 7T 71 71
the plasma source. All results presented here were average
over 256 shots for each measurement.

A plot showing the typical variation of the individual FiG. 3. Mean charge state as a function of distance from the plasma source.
charge state fractions with axial distance is shown in Fig. 2.

At the closest distance to the plasma source, high charge ] o o
states were measured. In general the singly charged ion fixeglected. Experimental and theoretical investigations show

decreases with axial distance while the doubly and triplythat the vacuum arc plasma is almost fully |on|£.e1'€j.The.
charged ion fluxes increase. This effect can be seen explicitl!@Sma jet has a free radial boundary whose position will be
in Fig. 3, where the axial variation of mean charge state idetérmined as part of a self-consistent soluﬁ_]o_M/_e will
plotted. The mean charge state increases approximately ligmPloy the following assumptions and conditioris: the
early with axial distance from about 1.7 at 12 cm up to 1.9 at/acuum arc plasma is fully ionizedii) during the expan-

25 cm from the plasma source. The high mean charge stat€¥n the temperature of each species remains constant;
measured at the closest distance to the cathode plane may ¢ mean free path for elastic electron—ion collisions is much
due to the influence of the high voltage extractor system ofMaller than the characteristic plasma jet radiivs;the ions
the plasma jet. In fact, at this distance large fluctuations if"d_electrons are ideal gases with partial pressitgs

Axial Distance, cm

the CSD were observed. =kT,n,, wheree=e and,i, k is the Boltzmann constant,
andT, andT; are the electron and ion temperatures, respec-
IIl. MODEL AND COMPARISON WITH EXPERIMENT tively; (v) the plasma does not carry electrical curreht,

=0; (vi) no magnetic field is applied. The steady state be-
We now briefly describe a model for the plasma jet ex-havior of such a quasineutral, multicomponent plasma is de-
pansion, with which we can simulate the above experimentscribed by the following set of equatiotsubscriptj corre-

A detailed description of the model can be found in Ref. 6.sponds to the different ion charge-state spediesl,2,3,4:
The model deals with the plasma jet originating from the

cathode. According to the vacuum arc cathode jet model the  MN;j(V;V)v;=QjenE—VPj—menjwje(v;—Vve), (1)
plasma has a density of about?M2 in the interelectrode
gap at a distance of a few cm from the cathode pidrieor
such a density range the influence of inelastic collisidms- V(Neve) =0, 3)
ization, recombination, efcon the plasma density can be

0=—enE—VPc+menZvej(vi—Ve), (2)

V(njvj)=0, (4)

[ . o’ wherev; andv, are the ion and electron velocities, respec-
e \\-\.,,,ﬁ_,./f/'/ tively, ve; is the collision frequency for electrons with ions
2 of chargeQ;, andn; is the density. From Eqg¢1) and(2)

5 5o T using the quasineutrality conditom,=3%Q;n; and J
g 40_' —e— T =enyv,—2Q;env;=0 we have the equation for electric
- . A T field in the quasineutral plasma region:
5 ./ .\'\ k
» ] T
S 2 =N E=— "V In(SQjn) ~NeMe ve(V; ~ Vo), (5)
©
e
O - . . . _—
s N ° 4 . at The numerical analysis used here is similar to that de-
o+ veloped previously:** The system of Eqs(1)—(4) was
T solved by a finite difference method. The equations were
Axial Distance, cm approximated by a two-layer, implicit six point schefe.

FIG. 2. Charge state fractions as a function of axial distance from thel N€ Problem was analyzed using d|men3|0nlgss Var!ab|33:
plasma source. where all velocities are normalized to the sonic velodity
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with the measurements carried out by the time-of-flight tech-

nique(see Sec. )| while the centerline charge state variation
=§f:§ BDeo agrees with mass-spectrometer measurenfés.note that
1.687 - 2.125 our TOF measurements are probably weighted toward the
6158 1 255 boundary region of the plasma jet because the TOF gate
=?6307::5-:_°68;72:0 employed is annular and not on axis; however, this effect is
-3 I 05000 ~ 0.0625 reduced to the extent that the extracted ion beam suffers
“radial mixing” via beam divergence effects.

IV. DISCUSSION

It was found that the electric field in the plasma expan-
sion region may lead to separation of ion charge state spe-
cies. However, this is a relatively small effect, since in the
2R, free quasineutral plasma jet there is a small electric field of
magnitude about-100 V/m. This corresponds to a potential
drop across the plasma jet of only about 10 V. In the vacuum
arc plasma jet ions have a directed energy of about 56°eV,
=[(kT,+kT)/m1]%% the density to its value at the starting Which is larger than the potential drop within the plasma jet.
plane,ny, and all coordinates tR,, whereR, is the plasma  Thus one can expect only a small influence of the electric
jet radius at the starting plane. field on the ion dynamics. However, the effect of ion species

The calculated radial component of the electric field inSeparation has some general importance. For instance, the
the plasma expansion region is shown in Fig. 4. The electrifresence of a strong electric field could lead to a much stron-
field generally decreases in the axial direction. One can se@er effect. Such an electric field could be generated within
that the normalized electric field is about 1. For the casdhe quasineutral plasma by application of an axial magnetic
consideredT,=2 eV andR,=0.015m, the radial compo- field in the interelectrode region. This electric field has the
nent of electric field lies in the range of 100-400 V/m. ~ Opposite direction to that considered in the present work.

The axial distribution of the mean ion charge state alonglhus one would expect high-charge-state ions to be pushed
the centerline and in the plasma jet boundary region is showkpward the axis. This could explain the observed increase in
in Fig. 5. It can be seen that mean charge state decreases wifian ion charge state with axial magnetic field strerigth.
axialldistance from the startiqg plane along the Cemer"neACKNOWLEDGMENTS
and increases in the plasma jet boundary region. For com-
parison we have plotted our experimental data for the mean ©One of the author¢éM.K.) gratefully acknowledges the
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FIG. 4. Normalized radial component of electric field.

1.10

1.00 %

Centerline

<Q> /<Q> (z=0)

0.90 [




