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Isotope Separation in Plasmas by Use of Ion Cyclotron Resonance*

J. M. Dawson, t H. C. Kim, D. Arnush, B. D. Fried, R. W. Gould, t L. O. Hef linger, C. F. Kennel, t
T. E. Romesser, R. L. Stenzel, A. Y. Wong, f and R. F. Wuerker

TRW Defense and Space Systems, Redondo Beach, Cahfopia 90278
(Received 23 September 1976)

Selective ion-cyclotron-resonance acceleration of individual K, Ne, Cl, A, and Xe iso-
topes has been observed in plasmas of density 10~ to 10" cm 3. Energy discriminating
probes show good resolution of accelerated species in all cases. Mass spectrometer
analyses of potassium samples, collected on cooled tungsten ribbons, showed 4'K to 3~K

abundance ratios of 4 rather than the normal value of 0.07.

The use of ion cyclotron resonance for heating
fusion plasmas is well known. ' In applying this
technique to separation of isotopes with a small
fractional mass difference, AM/M, we begin with
a plasma immersed in a very uniform magnetic
field (AB/B «M/Q whose transverse dimensions
exceed the maximum cyclotron radius of the iso-
topic species (mass M) to be accelerated. Apply-
ing an rf electric field with frequency equal to the
cyclotron frequency, 0 = qB/Mc, or a harmonic
thereof, results in selective acceleration. Physi-
cal separation of that species, throughout the
plasma volume, can then be effected by any of a
wide variety of energy-dependent processes as
will be discussed below. The physical separation
of 'K reported here employed the simplest of
such processes, namely the collection of potassi-
um on cold tungsten ribbons, immersed in the
plasma and biased sufficiently positive to repel
ions with energy below a few eV.

Selective excitation of one ionic species has
previously been observed in hydrogenic (H', H, ')
plasmas' and is contemplated in fusion applica-
tions (e.g. , heating one component in a D, T plas-
ma'), but resolution becomes much more difficult
for heavy isotopes. An experiment by Schmitt, ~

carefully designed to produce "pure" ion Bern-
stein waves, did show a small jump in the disper-
sion curve arising from the "K component of a
potassium plasma, but experiments by Richard-
son and others' with uranium compounds were un-
able even to approach the resolution required to
separate uranium isotopes. Necessary conditions
for the resolution of mass es M and I+ 4M are
(1) QT(AM/M) &1, where 7 =I./a~| is a typical ion
transit time (at parallel thermal velocity a~, )
along the length, I., of the magnetic field; and

(2) v/0 «bM/M, where v is the average collision
frequency of the energized ion species. Collision
and transit time effects are not independent.
While condition (2) quarantees adequate accelera-
tion time for the resonant species, collisions

still result in transfer of energy from motion
transverse to 8, to motion parallel to 9, thus in-
creasing the Bf. product required by condition (1).
Collisions also transfer energy from the resonant
species to nonresonant ones, spoiling the desired
selective energization. Fortunately, the ion-run-
away' phenomenon alleviates these difficulties,
so that plasma densities as high as 10"or 10"
cm ' appear feasible.

The accelerating rf electric field may be pro-
duced inductive/y, by superimposing an ac com-
ponent on the uniform magnetic field, as in mag-
netic pumping,

' or dA "ectly, by applying an ac
voltage between two electrodes located at one end
of the plasma and biased so that they determine
the plasma potential along the field lines which
they intercept. Results using both methods are
reported here. Inductive acceleration provides
some control over the radial and axial wave num-
bers, k, and k, of the exciting field. However,
the large ac coil voltages used (V„„=1000 V) re-
quire not only a high rf power level but also a
slotted conducting cylindrical lining to shield the
plasma from the axial rf fields. The necessity
for having one or more axial slits leads to com-
plicated rf field patterns. While direct excitation
requires very little power (of order 3 W), the rf
field in the plasma arises from the axial propaga-
tion of an ion cyclotron wave, whose properties
are not easy to compute, particularly if one takes
into account radial variations of plasma density,
wave attenuation consequent on the resonant parti-
cle acceleration, etc.

Two different plasmas have been used: a small
potassium Q machine' (B -4 kG) with inductive
excitation; and a large dc discharge plasma, im-
mersed in a very uniform magnetic field (EB/B
~ 7 ~10 '", 8 - 20 kG, produced by a superconduct-
ing coil) with direct excitation. (We have also
used dc discharge sources to study other gases in
the small machine, with both inductive and direct
excitation, and have used inductive excitation in
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the large device; the results are similar to those
given here. )

The Q-machine plasma column is 5.7 cm in di-
ameter and 1 m long. Typical plasma parameters
are n=10" to 10" cm ', T,. = T, =0.2 eV, v,
=2&10' sec ', and v, , -—5&10" sec '. The rf
pump field (80 to 100 kHz) is produced with a long

solenoid (60 cm long, 15 cm diam, 47 turns)
wound on a liquid-nitrogen-cooled aluminum cyl-
inder with a single axial slot. The resultant azi-
muthal vacuum induction electric field is E,
=0.06m (P/cm} for 300-W pump power, where r
is the radial position in centimeters. The static
8 field is measured to an accuracy of 0.3%.

An energy-analyzing probe similar to the one
used by Motley and Kawabe' is utilized to study
the particle dynamics in the perpendicular direc-
tion. It has a platinum collector (0.2 cm diam)
which is recessed (0.1 cm) in a cylindrical metal-
lic shield so that thermal electrons cannot reach
the collector (r„=10 ' cm) while ions can (x„.
a0.1 cm). Resonant ions tend to bunch in phase
space and enter the collector of the energy-ana-
lyzing probe as a burst, once each pump period.
The cyclotron resonances are monitored by plot-
ting the time-averaged collector current as a
function of the static 8 field for a fixed pump fre-
quency as in Fig. 1(a). The observed resonance
frequencies deviate from the computed ion cyclo-
tron frequencies by less than 1%, well within ex-
perimental errors. The resonance width de-
creases with increasing collector retarding volt-
age I Fig. 1(a)].

The variation of collector current with collector
retarding potential is shown in Fig. 1(b). Both
species are accelerated to energies of order 50
eV when driven at their resonant frequencies; at
larger energies, x„would exceed the plasma col-
umn radius (2.8 cm), leading to large space-
charge effects. The approximately exponential
dependence of collector current indicates a Max-
wellian distribution for the pexpendicular ion en-
ergy. The higher "teinperature" of the "K (15 ep
vs 10 eV for ' K) and the approximate equality of
the maxima in the resonance curves, notwith-
standing the thirteenfold predominance of the "K,
is consistent with the fact that radial space charge
for the species can be compensated only by axial
electron motion, while for the minor species it
can be balanced by small-amplitude, out-of-phase
motion of the major species. "

Macroscopic samples of potassium were col-
lected on a cooled (-5 C) tungsten ribbon, biased
+4 V above the plasma potential so that it re-
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FIG 1 (a) Ion cyclotron resonances of K and 'K
measured by the radial energy analyzer. rf frequency
=88,6 kHz, rf power=300 W, and y is the retarding
voltage. (b) Collector current vs collector retarding
potential of the radial energy analyzer for ~K and 'K
resonances. rf power =300 W and rf frequency =88.6
kHz.

ceived only ions with energy exceeding 4 eV. Af-
ter 30 minutes of collection, the plasma was
turned off; the ribbon was brought to a quadru-
pole mass spectrometer mounted in the same vac-
uum system; and the sample was evaporated by
ohmic heating of the tungsten ribbon. Since the
potassium vapor was contact-ionized on a hot
tungsten wire at the entrance of the mass spec-
trometer, other molecules with the same masses
were not ionized. To eliminate spurious effects,
samples were collected under three different con-
ditions of rf excitation: no rf; excitation at the
"K cyclotron frequency; and excitation at the "K
cyclotron frequency. The resulting ratios of "K/
"K abundance as measured by the mass spectrom-
eter are, respectively, 0.07 (the natural abun-
dance), 0.02, and 4, the latter corresponding to
a more than tenfold enrichment of "K. Typical
mass spectrometer traces are shown in Fig. 2.

For the selective acceleration of ions with mass
greater than 60 the superconducting solenoid was
used, One source used was a dispenser cathode
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FIG. 2. Mass spectrum analysis of the potassium
samples collected on a cold tungsten ribbon. Small
fluctuations at the peak of each mass number are due
to inherent noise in the mass spectrometer. The tung-
sten ribbon is biased +4 V with respect to the plasma.
During the collection, the rf pump is (a) turned off,
(b) tuned to 4'K, and {'c) tuned to ~~K.

discharge similar to the Stenzel Large Magnet-
ized Plasma Source (LAMPS). " A 10 &10-cm'
dispenser cathode made of barium-oxide-impreg-
nated tungsten was heated to emit electrons ther-
mionically. Split anode plates were placed at the
opposing end of the solenoid and served as the di-
rect-excitation electrodes. A large variety of
ions mas studied. Xenon isotopes mere investi-
gated by using an argon discharge plasma (p -10 '
Torr) to which a small quantity of xenon had been
added (p„,-5&&10 ' Torr). Figure 3 shows axenon
resonance trace in which the radial energy ana-
lyzer current is plotted versus the rf frequency.
The magnetic field mas measured by a proton
NMR. The mass scale labeled on the figure cor-
responds to the cyclotron frequencies derived
from the NMR. The dominant xenon isotopes are
M=129, 131, 132, 134, and 136; the absolute nat-
ural abundances are 26.4, 21.2, 26.9, 10.4, and
8. 9%%uo, respectively. The very small (less than
0.3%) uniform frequency shifts from the single-
particle xenon ion cyclotron frequencies is attrib-
utable to collective effects which are currently
being investigated. The relative amplitudes of
the peaks are in good agreement with the natural
abundance ratios, although at higher xenon con-
centrations and different operating conditions the
observed ratios and frequencies deviate from
these values.

In summary, we have observed mell-resolved
ion cyclotron resonances for the individual posi-
tive ions of isotopes of K, Ne, Ar, and Xe and
the individual negative ions of the isotopes of Cl.
We have also collected a macroscopic sample of
potassium whose isotopic composition ratio as
measured with a mass spectrometer is ["Kj/

FIG. 3. Current detected by the radial energy analy-
zer as the applied rf frequency is swept at constant
magnetic field. The magnetic field was measured to be
14 512 G. The mass values indicated at the top of the
figure were calculated from the measured field.

["K]= 4. Resonance lines associated with more
than thirty other atomic and molecular ions from
hydrogen to uranium have been resolved, the min-
imum percentage linewidth being 0.4%%uo full width
at half-maximum. The plasma sources used in
these experiments did not provide plasma densi-
ties above 10" cm ', but similar sources have
been operated at densities up to 10" cm '. While
collisional effects probably prevent operation at
higher densities, this is still large enough to be
of practical interest, particularly since this ap-
proach appears to be capable of single-pass, high
enrichment. In addition to the use of cooled sur-
faces, physical separation techniques under study
include: the use of magnetic mirrors to concen-
trate preferentially the energized species in the
center of the plasma (an effect we have observed
for 'K' in experiments with weak mirrors)"; in-
teraction of selectively energized molecular ions
with either inert background molecules (spalla-
tion) or reactive molecules (endothermic chemi-
cal reactions) so that the energized species is
brought to a different chemical form, permitting
chemical separation; and differential diffusion
across the magnetic field by the energized ions.
Throughput can be enhanced by not only working
at high density but also using E ~B drifts to trans-
port the plasma through the device at speeds ex-
ceeding the thermal velocity. If a given atomic
species is present in more than one molecular
form, several resonant frequencies may be ap-
plied simultaneously. Requirements on transit
time and collision frequency can be relaxed by
using excitation at cyclotron harmonics, since
k~r„will be large for the energized species, but
the efficiency will be reduced. Although the radi-
al dependence of the rf fields leads to ion space
charge, it is easily neutralized by axial motion
of the electrons, in the case of a major species,
and by out-of-phase radial motion of the major



VOLUME $7, NUMBKR 25 PHYSICAL RKVIK%' LKTTKRS 6 DZCFMBKR 1976

species, in the case of the minor species. Thus,
theory predicts resonance frequencies very close
to the single-particle ion cyclotron frequencies
and this is verified experimentally.
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We report the first precise study of atomic mobility through a second-order phase
transition. Simultaneous measurement of the ionic conductivity o and the specific heat
near the 208-K transition of RbAg4I5 establishes an accurate proportionality between lno.

and the ordering enthalpy h. This is interpreted using a many-body theory which treats
local order beyond the mean-field approximation and in which the constant of proportion-
ality is determined by microscopic details of the interaction among the mobile defects.

The mobile interstitials in some solids can dif-
fuse with relative freedom among partially occu-
pied sites connected by jump paths. In certain
cases, the interactions among these mobile ions
cause them to adopt partially ordered structures
as the temperature is lowered. '~' Most treat-
ments of the effect of ordering on the ionic mo-
bility employ mean-field models which ignore im-
portant critical-point effects, and therefore pre-
dict that the activation energy should be unaffect-
ed by the phase transition above T, and should fol-
low the square of the long-range order parameter
below. ' An exception'to this approach is Mahan's
attempt4 to treat a lattice-gas model rigorously.
However, no accurate prediction for the ionic mo-
bility near the phase transition was obtained. In
this Letter we present the first experimental de-
termination of atomic mobility near a phase tran-
sition sufficiently accurate"' to examine the crit-
ical behavior, and the first theoretical analysis
to go beyond the mean-field approximation. "'
We establish, both experimentally and theoreti-
cally, that an accurate proportionality exists be-
tween the logarithm of the ionic conductivity,

lna, and the interaction enthalpy, A, , of the mo-
bile-ion subsystem. This demonstrates the dom-
inance of short-range order effects which have
generally been ignored, and, through the con-
stant of proportionality, gives microscopic infor-
mation about the way short-range order modifies
the energetics of the diffusive jurnp. The solid
electrolyte RbAg, I, has been employed because
its conductivity provides a simple measure of mo-
bility and because its 208-K phase transition has
been shown to be Ising-like.

The specific heat and the derivative dR/dT of
the resistivity of RbAg, I, single crystals were
measured simultaneously as functions of temper-
ature using the ac method. ' Crystals were grown
in our laboratories using the solution technique
with high-purity reagents. " Small single crys-
tals were chosen as representative specimens
for crystallographic identification. Buerger pre-
cession patterns showed quite uniform alignment
and a, cubic unit cell with a lattice constant of
11.24 A, in good agreement with previous deter-
minations. " Chemical analysis yielded a Ag-Rb
atomic ratio of 4.2+ 0.2.




