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Plasma Centrifuge
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Mass separation in magnetized, highly ionized, rotating metal plasmas is described.
Plasma rotation velocities up to 7.4& 10 m/sec with centrifugal enrichment of up to a

factor of 2 for 6~Cu were measured. Such enrichments are significantly in excess of

values reported earlier.

PACS numbers: 52.30.+ r, 52.75.-d, 52.80.Vp, 52.80.Mg

Element and isotope separation in rotating mul-
ticomponent plasmas have been the subject of
considerable research effort during the past de-
cade. Bonnevier' reported up to 5% enrichment'
of "Ne in a partially ionized rotating neon dis-
charge plasma. James and Simpson' later
achieved up to 20% enrichment of "Ne. Walsh,
Brand, and James~ introduced copper and nickel
into a rotating argon plasma and measured radial
separation between the two metals. Recently,
Wijnakker and Granneman' have pointed out that
mass separation. in weakly ionized plasma centri-
fuges is severely limited by neutral-atom viscos-
ity. Since all prior reported experiments were
performed in weakly ionized gases, the deleteri-
ous effects of neutral-atom viscosity have result-
ed in plasma rotation rates well below the Alfven
critical velocity, ' with corresponding lo~ mass
separation. In a partially ionized plasma, the
Alfvbn velocity limit is reached when the rotation-
al energy of the ions equals the ionization energy
of the neutral atoms. Further energy input to the
rotating plasma then goes primarily into the ion-
ization of residual neutrals. A fully ionized plas-
ma is not subject to this limit.

This Letter reports centrifugal separation mea-
surements on rotating metal plasmas. The plas-
mas used were highly ionized (e.g. , Cu" and Cu"
were the dominant ions in the case of copper),
and had ion densities on axis of the order of 10"
m '. Copper plasmas were rotated at up to 7.4
&&10' m/sec, in excess of the Alfven critical ve-
locity of 4.84&&10' m/sec, indicating that neutral
species were not an impediment. The concomi-
tant separations achieved thus significantly ex-
ceed earlier reported values.

Figure 1 is a schematic of the experimental ap-
paratus. A 1-J, 100-ns CO, -laser pulse, when
focused on the 2.5-cm-diam metal-target surface,
triggers a several-kiloampere peak current, mil-
lisecond-duration pulse from the negative target
(cathode) to the grounded vacuum-vessel wall.
Current Qow across the dc axial magnetic field
(up to 0.5 T) causes bulk rotation of the 15-cm-
diam metal plasma column. Rotation was mea-
sured by radially movable Langmuir probes, dis-
posed azimuthally and axially about the plasma
column. From phase correlations in small am-
plitude, periodic fluctuations (- lPo) of ion satu-
ration current to these probes, solid-body rota-
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FIG. l. Schematic of the experimental arrangement.
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FIG. 2. Measured ratio R(r)/R(0) of Cu/Ni vs radius.
Full circles are data from a rotating (~=10 rad sec )
discharge plasma. Full triangles are data from a non-
rotating, laser-blowoff plasma. Axial magnetic field
=0.2 T in both cases. The three curves are plots of
R(r)/R(0) vs r from Eq. (1) of the text.

tion with an angular rotation rate of 10' rad/sec
was inferred for pure-copper and copper-nickel
plasmas. Periodic fluctuations were observed
only when arc current and magnetic field were
carefully adjusted. Two series of experiments
are described in this Letter.

In the first, an alloy target (Advance) was used,
consisting of 55Vo copper and 45% nickel. With an
axial magnetic field of 0.2 T and current pulses
of 2 kA peak with 2 msec RC decay time, a ro-
tating column of copper and nickel ions was pro-
duced. After 50 shots under identical conditions,
the plasma was deposited as a thin layer of metal
on a Mylar sheet attached to the end flange (Fig.
1). The Mylar sheet was removed and the radial
relative abundance of copper and nickel was mea-
sured using an electron spectroscopy for chemi-
cal analysis (ESCA)' technique. In Fig. 2, the
full circles show the measured ratio of Cu/Ni
versus radius, normalized to unity on axis. Ra-
dial separation between the two metals is ob-
served. The relative Cu abundance is 6' higher
at a radius of 6 cm than it is on axis.

To verify that the observed separation was in-
deed due to centrifuging in the rotating plasma,
5600 laser shots were fired with the same axial
field but with the cathode grounded, so that no
current was discharged. Metal deposited on the
Mylar-covered end flange by this laser-blowoff
plasma was similarly ESCA analyzed. The mea-
sured ratios of Cu/Ni versus radius in this non-
rotating plasma are plotted as the full triangles

in Fig. 2, again normalized to unity on the axis.
In this case, no radial separation between the
metals is observed.

Equilibrium centrifugal separation in a two-ion
cylindrical plasma column rotating as a solid
body may be described by a simple analytical ex-
pression, when axial and azimuthal gradients and
viscous effects are ignored:

R (r)/R (0) = exp[(b.M) &o r'/2kT],

where R (r) and R(0) are the ratios of the heavier
to lighter ion specie at radius r and at the rota-
tion axis, respectively. Here &M is the mass
difference between ion species, co the angular ro-
tation rate, T is the temperature (assumed uni-
form), and where both ions have the same charge.
Equation (1) is very similar to that obtained for
mechanical centrifuges. For equally charged cop-
per and nickel ions rotating at &u =10' rad/sec,
R(r)/R(0) is plotted versus r in Fig. 2 for three
chosen values of T =1, 2, and 3 eV. The mea-
sured values of R(r)/R(0) are observed to roughly
fit the simple analytical curve for T —2 eV. Such
an ion temperature is not unreasonable for these
arcs.

K the second series of experiments, the alloy
target was replaced by an oxygen-free high-con-
ductivity copper target. Botation at &u =10' rad/
sec was achieved with an axial field of 0.2 T and
discharges of 3 kA peak current and 1 msec RC
decay time. Relative-ion-abundance measure-
ments were made with use of an energy/momen-
tum spectrometer' which, unlike the ESCA spec-
trometer, is capable of resolving the two stable
isotopes of copper and provides a measure of
their relative abundance with microsecond time
resolution.

Figure 3 shows mass scans over the singly
ionized copper isotopes at two radii on the end
flange: on axis [Fig. 3(a)], and at r =4 cm [Fig.
3(b)]. In each figure tbe peak relative abundance
of "Cu' is set to unity. Belative abundance (here-
after called abundance) versus mass is plotted
for three different times during the discharge:
0.75, 1~ 0, and 1.25 msec. Figure 3(a) reveals
that the "Cu' abundance on axis varies between
0.42 and 0.45 during the discharge. These values
agree, within the measurement error, with the
natural "Cu abundance of 0.45. Off axis, at r =4
cm, there is a marked increase in the "Cu' abun-
dance, as shown in Fig. 3(b). The "Cu' peak
abundance increases with time, from 0.80 at 0.75
msec to 0.94 at 1.25 msec, which is more than a
twofold enrichment. Such an isotopic enrichment
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FIG. 8. Relative abundance vs mass in an oxygen-free high-conductivity copper plasma rotating at 105 rad sec ',
measured at two radii: (a) on axis and (b) at r= 4 cm. The peak 6'Cu+ abundance is set to unity in both figures

is in excess of earlier reported values for ro-
tating plasmas.

In conclusion, rotating metal plasmas were
produced by using a laser-initiated vacuum arc.
The high degree of ionization characteristic of
such arcs, along with measured rotation rates in
excess of the Alfven critical velocity, suggest
that neutral-atom viscosity does not play a signifi-
cant limiting role in such arcs. Time-resolved
measurements of centrifugal isotope separation
indicate that the factor-of-2 enrichment observed
(see Fig. 3) may not be an upper limit; higher en-
richments may be possible with a larger appa-
ratus and longer discharge times.

We wish to thank C. Gigola for assistance with
the ESCA spectrometer. Helpful discussions of
this technique were held with V. Henrich. We are
grateful for the help of J. Eearney in the labora-
tory. This research was supported by the Nation-
al Science Foundation under Grant No. CPE-79-

16500.

B. Bonnevier, Plasma Phys. 13, 763 (1971).
Enrichment is defined here as ([ ( Ne/ Ne)& —( Ne/

Ne)„l /( Ne/ Ne)„)x 100/o, where subscripts p and n

refer to plasma samples and natural abundance, re-

spectivelyly.

B. W. James and S. W. Simpson, Plasma Phys. 18,
289 (1976).

C. J. Walsh, G. F. Brand, and B.W. James, Phys.
Lett. 67A, 33 (1978).

M. M. B. Wijnakker and E. H. A. Granneman, in Pro-
ceedings of the International IEEE Plasma Science Con-
ference, Madison, Wisconsin, May 1980 (to be pub-
lished), p. 24.

B. Lehnert, Nucl. Fusion ll, 485 (1971).
K. Siegbahn, J. Electron Spectrosc. Relat. Phenom.

5, 3 (1974).
M. Krishnan and J. L. Hirshfield, Rev. Sci. Instrum.

51, 911 (1980).


