
Abstract. Studies of the separation of stable isotopes in plasma
are reviewed with a focus on diffusive separation methods. The
efficiency of enrichment processes is analyzed using a unified
approach to the calculation of diffusive separation processes in
a weakly ionized plasma. Various separation mechanisms are
discussed, including centrifugal techniques, diffusive friction,
thermal diffusion, and isotope cataphoresis. Results of calcula-
tions and experiments are compared. Various plasma separa-
tion devices are reviewed, and the values of specific energy
consumption in different methods are compared. A conclusion
is made that plasma separation methods, despite relatively high
energy consumption, can be competitive in the case of elements
that do not have volatile compounds under normal conditions,
for which state-of-the-art centrifugal cascades cannot be used.

Keywords: stable isotopes, plasma, isotope separation, centrifugal
effect, ionic wind, thermal diffusion, isotope cataphoresis, separa-
tion effect enhancement

1. Introduction

The separation of isotopes is an intrinsic area of modern
industrial production that serves medicine, agriculture,
science, and nuclear power engineering. Without some
isotopes, it is not possible to carry out large-scale nuclear
physics research in basic physics or to develop the nuclear
power industry and improve its efficiency and safety.

Currently available methods for separating isotopes were
originally designed primarily to obtain uranium isotopes [1].

Gaseous diffusion and centrifugation were used to this end.
The essential point for these technologies is that gaseous
compounds of uranium �UF6� can be obtained under normal
conditions. Gas centrifuges can also be used to produce stable
isotopes [2±4]. However, most elements do not have con-
venient gaseous compounds, due to which the centrifugal
technique, while being an economically advantageous separa-
tion method, fails to provide the production of many
isotopes. This refers primarily to elements of the first and
second groups and to rare-earth elements. On the other hand,
the virtually universal electromagnetic method [5] is not
sufficiently efficient or inexpensive.

Research and development of new separation methods is
driven not only by the need to expand the range of isotopic
products but also by increasingly stringent environmental
requirements, since a number of isotopes are produced using
environmentally harmful components. These factors trig-
gered the development of alternative, in particular plasma,
separation methods.

Isotopes of any metal elements, including refractory ones,
can be obtained in plasma.However, due to fairly high energy
consumption, they apparently can only be competitive in the
case of elements that do not have volatile compounds under
normal conditions. It should be noted that, in evaluating the
economic feasibility of a particular method, capital invest-
ment should be taken into account in addition to energy costs.
However, a comparison of the cost of enriching a product by
different techniques is beyond the scope of this review.

Plasma methods can be conditionally divided into two
groups, referred to as `diffusive' and `selective.' The former
group includes techniques in which, similar to conventional
methods (gas diffusion, thermal diffusion, and centrifuga-
tion), separation occurs due to the selective action of force
fields, while the separation per se of a product occurs due to
the mutual diffusion of mixture components, from which the
term `diffusion' originates. These include plasma methods
implemented in gas-discharge systems with a traveling
magnetic wave [6], direct DC discharge [7], and plasma
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centrifuges [8]. The second group includes the ion cyclotron
resonance method (ICR heating) [9, 10]. In this separation
method, one of the ionic components is heated first in an
isotopically selective way, and then components are separated
due to the difference in the physical properties of the heated
and `cold' components. A detailed review of ICR studies is
reported in [11]. We discuss below only plasma diffusive
methods of isotope separation, which are characterized by
relatively high densities of the mixture being separated, and
endeavor to explore the physics of various separation
mechanisms and energy costs on the basis of a unified
approach.

The design of plasma gas-discharge systems is usually
simpler and their manufacture is less expensive than those of
ICR facilities. However, their energy costs per separation
work unit (SWU) can be relatively high. In all devices of this
type, the separation effect is related to the differences among
the forces acting on themolecular particles of the components
being separated by a certain force field under conditions of
relatively high pressures of the mixture, when the separation
process occurs due to the mutual diffusion of these compo-
nents.

2. General concepts of the theory of isotope
separation in gas and plasma phases

Before proceeding to the description of specific separation
processes in diffusive-type gas-discharge systems, the general
concepts of the theory of separation of gas mixture compo-
nents should be outlined. The essence of the task is to separate
atoms or molecules of one type from particles of another type
or to provide partial separation, when the signs of deviations
of the component concentrations from the original values are
different in opposite zones of the device. Usually, in the
`standard' (if this term is applicable) separation scheme, in
which the binary mixture being separated is a gas, an external
selective force is applied that tends to spatially separate
molecules of different types. This process is hindered by the
thermal motion of the particles that suppresses the separating
effect. We now consider a straight cylinder of length L filled
with a binary gaseous isotopic mixture, in which molecules
move in a chaotic way. We assume that a certain temperature
T can be attributed to the gas. Let the molecules of both types
be subjected to unequal forces f1 and f2, such that
f1 ÿ f2 5 f1; f2, which act in the direction of the cylinder axis
(coordinate z). This inequality is typical of isotopic mixtures.
We designate the mole-fractional concentration of one of the
components (for example, the first one) as C � n1=�n1 � n2�,
where n1 and n2 are numerical densities. The initial result of
the external force action is a fairly rapid emergence of a
pressure gradient in the mixture. Diffusive separation devel-
ops much more slowly. It follows from the Boltzmann
distribution that the equilibrium state attained at t!1 is
characterized by the presence of a concentration gradient
�dC=dz�eq, which arises due to the redistribution of compo-
nents along the z-axis in the process of mutual diffusion.
Diffusion transport is related to the lack of equilibrium at the
initial moment after the force field is enabled, provided
f1 6� f2 [12±14]. The diffusion flux density after the establish-
ment of the pressure gradient can be estimated as

j1 � ÿ p

�n1 � n2�a12

�
dC

dz
ÿ af

1

p

dp

dz
C�1ÿ C�

�
; �1�

where af is the barodiffusion factor,

af � f1 ÿ f2
f1C� f2�1ÿ C� ;

p is the pressure of the mixture, and a12 is the coefficient that
determines the force of diffusion friction between the
components [15]. Below, in considering various separation
mechanisms and evaluating enrichment effects, we refer to the
`diffusive' model described by Eqn (1).

In the equilibrium state � j1 � 0�, the separation factor of
the isotopic mixture, defined as the ratio of the relative
concentrations of the components at both ends of the
separation zone at z � L and z � 0, has the form

aeq �
�

C

1ÿ C

�
z�L

�
C

1ÿ C

�ÿ1
z�0
� exp

� f1 ÿ f2�L
kBT

; �2�

where kB is the Boltzmann constant.
It should be noted that the value of the equilibrium

separation factor per se cannot fully characterize the effec-
tiveness of the method. The initial separated mixture is added
to the continuously operating element, while heavy and light
fractions are taken away (Fig. 1). Therefore, it is important to
obtain not only a high separation factor but also a significant
flow of the selected valuable component. However, the
separation factor decreases with increasing selection, which
results in the existence of optimal operating modes of the
separating element and such a characteristic of this element
that takes into account both the degree of separation and the
rate with which the original product is processed.

The separating element can be characterized by the mass
flow of the initial mixtureGwith concentrationC0 and by the
flow of selection P and waste W with concentrations CP and
CW, respectively. As a generalized characteristic of the
separation process, the concept of `separation power' or
`separation capacity' is introduced. Studies [16, 17] suggest
an energy-based approach to the interpretation of the
`separation work' concept. Based on this concept, the
mechanical power developed by the separating element at
low levels of separating effects can be estimated as

Pm � kBTNA

2m

�
PF�CP� �WF�CW� ÿ GF�C0�

�
; �3�

where NA is Avogadro's number, m is the average molecular
weight of the isotopic mixture, and F�C� � �2Cÿ 1��
ln �C=�1ÿ C�� is the Dirac±Peierls potential. It should be
noted that the mechanical power Pm does not coincide with
the minimal value required, which is usually associated with a
decrease in the gas mixture entropy during separation, which
is a finite separation into pure components, and therefore
cannot serve as a measure of the separation work. In
calculating the sum of inter-stage flows in the theory of ideal
separating cascades, the `separating power' value is intro-

W;CW

G;C0

P;CP

Figure 1. Schematic of a separating element.
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duced in accordance with the formula [1]

DU � PF�CP� �WF�CW� ÿ GF�C0� ; �4�

which, up to a constant factor, coincides with the mechanical
power Pm. If the number of elements in an ideal cascade N is
defined as the ratio of the total mechanical power consumed
for the separation in the cascade to the power developed by a
separate element, due to factor kBTNA=�2m� being canceled
out, we arrive at the formula known from the theory of
cascades

N � DU
dU

; �5�

where dU is the separating power of the element. Thus, if the
separation factor a, introduced on the basis of force relations,
characterizes the law of conservation of momentum and
enables determination of the total number of steps in the
cascade, the separation power DU is associated with a change
in energy and makes it possible to estimate the required total
number of elements in an ideal cascade with a reduction in
flows between stages.

It should be noted that the separating power DU
determines the cost of the enriched product; its value in
1 kg sÿ1 units was called the separation work unit per second
(SWU sÿ1).

3. Analysis of separation processes
in systems with a traveling magnetic field

The term plasma is usually applied to the state of matter in
which charged particlesÐ electrons and ionsÐplay the key
role; this does not imply, however, that they predominate in a
quantitative way. The concentration of charged particles in a
weakly ionized plasma can be a relatively small fraction of the
total number of particles. Should this be the case, the degree
of medium ionization can be referred to as low. An important
feature of plasma is its quasi-neutrality, which implies that the
average number of positive and negative charges is virtually
the same. If the temperature of an ordinary gas is continu-
ously increased, sooner or later it turns into a plasma. To
obtain a significant degree of ionization in a thermodynami-
cally equilibrium and sufficiently dense medium, a very high
temperature must be maintained. However, in research
laboratories, plasma has long been created under thermally
nonequilibrium conditions in so-called gas-discharge sys-
tems, which are vessels or tubes filled with gas at a relatively
low pressure and in which constant or alternating electric
fields are excited. In this case, a sufficiently high concentra-
tion of charged particles is attained due to heating of the
electronic component in electric fields rather than an increase
in the neutral gas temperature. An ordinary neutral gas
always contains a certain amount of so-called seed electrons
(produced, for example, by cosmic radiation). The accelera-
tion of seed electrons by external electric fields leads to an
avalanche ionization of the gas and its breakdown. Since the
probability of electron impact ionization is relatively high, a
relatively high degree of ionization can be maintained after
breakdown at a low electron temperature. The temperature of
neutral particles is in this case even lower. The described
ionization mechanism can be called `nonequilibrium.'
Depending on the way an electric field is applied to the
discharge gap, high-frequency (HF) and DC discharges are
distinguished. Since energy losses are of importance in the

separation of isotopes, it is reasonable to use weakly ionized
plasma, the cost of obtaining which is minimal.

Interest in the study of separation processes in plasma is
associated with the problems of obtaining isotopes of
elements that do not have convenient gaseous compounds at
room temperature. We consider below enrichment of isotopic
mixtures in HF gas-discharge systems with a traveling
magnetic wave, which, as seen in Fig. 2, comprise a long
cylindrical water-cooled chamber (1) filled with a mixture to
be separated, along which coils with specially phased HF
electric currents (2) are located, which create a traveling
magnetic wave. The delay line is powered by an HF
generator (3). The HF electromagnetic field excited by the
coils inside the chamber ignites a discharge in the mixture and
exerts a force on the generated plasma in the longitudinal
direction. The figure also shows the inlet system (4) and
chamber evacuation device (5). The action of a traveling
magnetic field can be visually illustrated as a conductive
medium placed between the tips of a permanent magnet that
moves in the direction of the z-axis (Fig. 3). The moving
magnetic field, as it were, entrains the plasma in the axial
direction. In physical terms, such entrainment of the plasma is
explained by the fact that the currents which flow in it interact
with the magnetic field, and a component of the volume
electromagnetic force arises in the direction of the magnet
movement Fz:

Fz � �J;B�z ; �6�

where J is the electric current density and B is the magnetic
induction.

In the case under consideration of a gas-discharge system
with a traveling magnetic field, the force averaged over a
period acts on a conducting medium as a result of the
interaction of the time-variable azimuthal current and the
radial magnetic field. Should chamber 1 have no ends (i.e., it
would be a toroidal closed system), a unidirectional hydro-
dynamic flow alone would arise in the stationary state. Due to
the presence of ends, the average flow through the cross
section is zero. In this case, a longitudinal pressure gradient

4

1

5 5

2 3

Figure 2. Block setup of a device with a traveling magnetic wave.
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Figure 3.Mechanism of plasma entrainment by amovingmagnetic field. J

is the electric current density, B is the magnetic induction, F is the force

`pushing' the plasma as a whole along the z-axis.
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and a corresponding redistribution of the gas density emerge.
The first experiments with a traveling magnetic field carried
out by R A Demirkhanov et al. [6] showed that noticeable
longitudinal separation effects exist in both gaseous and
isotopic mixtures. The mixture was enriched with a heavy
component in the high pressure region. Since the reasons for
such a redistribution of concentration along the system length
in isotopic mixtures were unclear, it was of utmost impor-
tance to understand the separation mechanisms. To this end,
experimentswere carried out under the guidance of IKKikoin
at the Kurchatov Institute of Atomic Energy (IAE) that
revealed the main separation processes in systems with a
traveling magnetic wave [18±20].

Initially, it was assumed in [6] that it is the occurrence of a
pressure drop in the mixture that leads to the separation due
to so-called barodiffusion in the Chapman±Cowling terminol-
ogy [21]. Enrichment should be proportional in this case (with
not very large differences Dp) to the ratio Dp=hpi (hpi is the
average pressure in the discharge), the heavy component
being concentrated in the area of increased pressure. Experi-
ments confirmed the existence of a longitudinal separation
process and the predominant transport of heavy isotopes in
the direction of wave propagation (or a high pressure zone).
However, the barodiffusion-based dependences failed to
describe the magnitudes of enrichment effects. An analysis
of the experimental data and their comparisonwith the results
of various computational models made it possible not only to
determine the mechanisms for the separation of isotopic and
gaseous mixtures but also to clarify the meaning of the very
concept of barodiffusion.

First of all, it has been shown that processes of the
barodiffusion type in Chapman±Cowling terminology can
only occur in the case of purely mass force fields and, as
applied to a separating device with a traveling magnetic wave,
are not substantiated in any way. Therefore, it was initially
suggested that the observed separation effects are related to
radial thermal diffusion, which is converted into a long-
itudinal effect due to circulation. Indeed, as a result of the
cooling of the discharge chamber walls, a radial temperature
gradient appeared in the gas and, as a consequence,
corresponding thermal diffusion separation occurred. Stud-
ies [18, 19] provided a description of the physical effects in the
system associated with radial separation in the discharge, the
occurrence of a longitudinal pressure drop, and circulation
flowVz�r� due to the radial inhomogeneity of the longitudinal
electromagnetic force acting on the plasma hFzi averaged over
the field period (Fig. 4). The calculation results were
compared with experimental data [20]. Xenon was used as
the working gas in the experiments. In Fig. 5, the solid line
shows the calculated pressure dropDp along the device length

as a function of the initial pressure in the chamber p. Squares
represent experimental data. The pressure drop magnitude
determines not only the efficiency of the longitudinal force
action on the isotopic mixture but also the intensity of
the hydrodynamic circulation flow, which leads to the
enhancement of the primary radial thermal diffusion
along the discharge chamber length. Separation effects
were experimentally studied using a mixture of xenon
isotopes: 50%136Xeÿ44%129Xeÿ6%128Xe. Figure 6 shows
the dependence of the enrichment factor e � �C 136

P ÿ C 136
W �=

C 136
0 �1ÿ C 136

0 � on the power W input into the discharge for
various pressures p. Solid lines show the results of approx-
imating experimental data. As can be seen, the power
dependence of the effect is close to linear. Figure 7 shows the
experimental and calculation data as a function of pressure on
a logarithmic scale. Dashed-dotted curve 1 shows the
dependence of the longitudinal enrichment factor e on
pressure for barodiffusion in Chapman±Cowling terminol-
ogy. As can be seen, this dependence fails to reproduce the
experimental results (shown by dots) in even qualitative

Plasma
Vz

rVf

Figure 4. Circulation of an isotope mixture in a system with a traveling

magnetic field.
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terms. The discrepancy is especially pronounced at high
pressures. However, while an assumption that in this case
radial thermal diffusion alone, enhanced by `electromagnetic
convection,' is operative provides an explanation for the
experimental data in the high pressure region (curve 2); at
low pressures, it yields a greatly underestimated result for the
longitudinal coefficient enrichment.

It should be noted that a significant consequence of the
longitudinal action of a traveling electromagnetic wave on the
plasma, especially at significant values of input power, is the
formation of compression and depression zones in the
discharge. Apparently, the processes of ionization and
recombination proceed in these zones in different ways. If
ionization prevails in the low-pressure zone, then, in addition
to the radial flow, there is a longitudinal ambipolar flow of
charged particles into the high-pressure zone, in which
recombination predominates. The presence of a longitudinal
flow of ions, in turn, can lead to the emergence of separation
effects in the neutral component of the plasma. One of these
effects is associatedwith the difference in themagnitude of the
longitudinal forces of diffusion friction of ions against neutral
particles of different types. The nature of this mechanism,
referred to as the ionic wind, is similar to that of the mass-
diffusion effect in ordinary gas mixtures [22, 23]. The under-
lying mechanism is that, in the case of an elastic collision of
two particles, the momentum transferred is proportional to
the first power of their reduced mass, as a result of which a
heavy neutral particle at each collision with an incident ion
transfers a larger momentum than a light one does. As a
result, a large average force of diffusive friction acts on the
heavy neutral component from the side of the ion flow, which
leads to the emergence of a nonequilibrium state and
separation. We now consider a binary mixture and denote
by n1 and n2 the densities of type-1 and type-2 ions, by n3 and
n4 the corresponding densities of neutral particles, and by Vj

the macroscopic velocity of particles of the jth type. In

calculating the diffusive friction forces in the case of purely
isotopic mixtures, the effect of resonant charge exchange
should be taken into account [24, 25]. In this case, the
structure of formulas for the diffusive friction forces differs
from the usual one characteristic of purely elastic interac-
tions. For example, while the friction force acting on a neutral
component of type 1 in elastic collisions with ions of both
types is described by the formula

R3 � n1n2a13�V1 ÿ V3� � n2n3a23�V2 ÿ V3� ; �7�

where ai j are the diffusive friction coefficients, in the case of
pure charge exchange, it is determined as

R3 � R3ÿ1
3 � R1ÿ4

3 � R3ÿ2
3 ; �8�

where R3ÿ1
3 � n1n3a

�
13�V1 ÿ V3� corresponds to the loss and

gain of momentum due to charge exchange collisions between
intrinsic components, R1ÿ4

3 � n1n4a
�
14V1 characterizes the

momentum gain due to the appearance of type-1 neutral
particles due to the charge exchange of type-1 ions on type-2
neutral particles, and R3ÿ2

3 � ÿn3n2a �32V3 corresponds to the
loss of momentum due to the disappearance of type-1 neutral
particles as a result of the recharging of type-2 ions on type-1
neutral particles.

The difference between the structures of Eqns (7) and (8)
results in a fundamental difference in the nature of the mass-
diffusion separation of isotopes in cases where the current is
transported by ions of another easily ionizable element or by
intrinsic ions of the isotopes being separated [26±29].

However, it turns out that, despite the qualitatively
correct dependence of the effect on pressure, in the low
pressure region, taking into account the ionic wind fails to
provide a quantitative agreement between theory and experi-
ment (see Fig. 7, curve 3). This is mainly due to the fact that
the charge exchange and reverse flow of neutral atoms formed
as a result of the neutralization of ions in the higher pressure
region reduce the effect of the ionic wind. As experiments
carried out in [30] showed, in complexmixtures that consist of
various isotopic and chemical components, isotopes of easily
ionizable components are separated more efficiently. This
observation prompted the idea of a fundamentally new
separation mechanism associated with the difference among
the degrees of ionization of isotopes in the discharge. By
analogy with the mechanism of separation of gas mixtures
with different ionization potentials, this mechanism was
called `isotopic cataphoresis' [31, 32]. Ionization potentials
of isotopes are virtually the same, and differences among
them cannot directly lead to any noticeable difference in the
ionization degree. However, due to the unequal rate of losses
of charged particles on the discharge-chamber walls, such a
difference should occur. Indeed, in the process of radial
ambipolar diffusion, heavy ions are subjected to a larger
force of braking against a neutral gas than light ones, as a
result of which their average `lifetime' and, consequently, the
degree of ionization of the heavy component turn out to be
higher. In this case, the corresponding relative difference
among the degrees of ionization is described by the formula

Db
b
� Dm

4m

Qin � 6Q �in
�Qin � 2Q �in��1�Y� ; �9�

where Dm is the mass difference between the isotopes,
Db � b1 ÿ b2, b1 � n1=n3, b2 � n2=n4, Qin and Q �in are the
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Figure 7. Coefficient of enrichment of a quasi-binary Xe isotopic mixture

as a function of pressure. Curve 1Ðtheory (`barodiffusion'), curve 2Ð

theory (thermal diffusion enhanced due to electromagnetic convection),

curve 3Ðtheory (thermal diffusion + `ionic wind'), curve 4Ðtheory

taking into account thermal diffusion, ionic wind, and the differences

among the degrees of isotope ionization; dots show the results of the

experiment [18].
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effective cross sections of elastic collisions and charge
exchange,

Y � 3TiR
2

x 2
RTe

�n3 � n4�2Q �in�Qin � 2Q �in� ;

R is the discharge chamber radius, Ti and Te are the
temperature of ions and electrons, and xR � 2:4R. The
combined action of the longitudinal ionic mechanisms and
thermal diffusion is described by the formula

e � a
Dm
m

Dp
hpi ; �10�

where

a � qi � 3

4�qi � 1�2
�
qi ÿ qn

Y
1�Y

� 1

1�Y

�
;

qi � Qin

2Q �in
; qn � Qnn

2Q �in
;

withQnn being the effective cross section for elastic scattering
of neutral particles. It should be noted that, as applied to the
parameters of setup [19, 20], the value of a varies in the range
of 0.2±0.5 with an increase in pressure from 6� 10ÿ2 Torr to
2� 10ÿ1 Torr, and is not equal to unity, as should be the case
according to the Chapman±Cowling theory of barodiffusion.
As can be seen from Fig. 7, curve 4 qualitatively correctly
reproduces the dependence on pressure and describes well the
experimental data at high pressures.

In [33], the process of isotope separation in the vapor
phase was studied in the stationary regime of the process. The
separation of cadmium isotopes was examined. The discharge
chamber consisted of two coaxially arranged quartz tubes, the
gap between which was filled with zirconium oxide powder.
The chamber was cooled outside by running water. Cadmium
was evaporated from a special ampoule using a heater. Xenon
was introduced into the chamber as a small additive. Samples
were taken by condensing vapors on the cooled end surface of
the probe. Enrichment factors of the order of 4% per unit
mass difference were achieved. These experiments confirmed
the fundamental possibility of isotope separation in the vapor
phase, which is important if plasma methods are used to
enrich isotopes of elements that do not have convenient
gaseous compounds.

4. Separation of isotopes in DC discharges

The gas-discharge system consists of a long cylindrical water-
cooled quartz chamber closed at the ends, which contains
inside the gas mixture to be separated. At the chamber ends,
electrodes are placed, between which a potential difference is
maintained. A simplified schematic of such a device is shown
in Fig. 8. In the positive column of the discharge, which
occupies almost the entire volume between the electrodes, an
electric current flows, which is carried primarily by electrons
that move from the negative electrode (cathode) to the
positive electrode (anode). However, there is also a flow of
ions towards the cathode. A significant difference between a
direct discharge and a systemwith a travelingmagnetic field is
that the longitudinal gradient of neutral gas pressure between
the ends of the system is virtually absent. In a DC discharge,
the small pressure gradient associated with the different
nature of the interaction of charged particles with the
chamber wall has the opposite sign. The degree of ionization
in gas-discharge systems usually does not exceed a few

percent, and the plasma can be considered weakly ionized. It
is with such a medium that we are dealing in considering
separation processes in DC discharges. The successful
separation of neon isotopes in a high-current direct discharge
was first reported in [7]. The concentration of the mixture was
measured at the ends of a capillary about 3 mm in diameter.
The initial pressure in the discharge was about 3 Torr, the
current density was J � 50 A cmÿ2, and the capillary length
was 10 cm. A very large separation factor was observed:
a � 1:45 (e � 45%). It should be noted that, in the best
industrial separation methods, the magnitude of the primary
enrichment effect e � aÿ 1 usually does not exceed a few
percent. The results obtained in [7] were experimentally
confirmed in [34, 35]. The separation of isotopic mixtures of
neon, krypton, and xenon was studied. Figure 9 shows the
dependences of the enrichment factors per unit mass
difference, e1, on the initial pressure p in a tube with inner
diameter d � 3 mm at a discharge current of Ir � 10 A. It is
worth noting that, in all experiments, it was the near-cathode
zone, into which the flow of ions is directed, that was enriched
with a heavy isotope, rather than the near-anode region of
higher pressure. This result confirms the ideas developed
above about the mechanisms of separation in a weakly
ionized plasma.

The first attempt to quantitatively compare the observed
separation effect with theoretical results was made in [7]. The
authors of [7] based their work on the concept of the
difference in momentum transferred to various neutral
components from ions. In considering above the systems
with a traveling magnetic field, such a mechanism was called
above in our terminology the ionic wind. The existence of a
reverse flow of neutral atoms, which is a consequence of the
neutralization of ions in the near-cathode region, was not
taken into account, and the role of charge exchange in the
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Figure 8. Schematic of a direct DC discharge.
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process of momentum transfer from ions to neutral atoms
was not taken into account either. Physically, the weakening
of the separation effect due to the reverse flow of neutral
atoms is due to the diffusive friction force acting on heavy
neutral atoms in the direction opposite to the motion of ions.
The two latter phenomena counteract separation, and the
formula for the enrichment factor becomes

e � Dm
m

�Qin � 6Q �in��Qin ÿQnn�
�Qin � 2Q �in�2

nieEzL

nkBTn
; �11�

where Ez is the longitudinal component of the electric field
strength in the positive column and Tn is the temperature of
neutral atoms. The value of e determined according to
Eqn (11) turns out to be significantly less than the estimation
of [7]. If isotopic cataphoresis is taken into account, we obtain
for the enrichment factor

e �
�
Dm
4m

�Qin� 6Q �in��QinÿQnn�
�Qin� 2Q �in�2

� Db
b

Qnn� 2Q �in
Qin� 2Q �in

�
nieEzL

nkBTn
:

�12�

The solid curve in Fig. 9 shows the enrichment factor e1
calculated using Eqn (12) per unit mass difference for a
natural multicomponent krypton isotope mixture in the case
of a capillary with length L � 0:17 m. The dots represent the
experimental data obtained in study [34]. The dotted curve
only takes into account the action of the `ionic wind.'

Detailed investigations of the plasma parameters of a DC
discharge in neon were carried out in [36]. Isotope separation
processes were also studied in [36], and the results of
experiments and calculations were compared applying the
`ionic wind' theory in [31, 37].

From the perspective of reducing energy consumption
during separation, it is reasonable to use a longitudinal
magnetic field, which reduces the losses of charged particles
on the device wall. This leads to a decrease in the power input
into the plasma. In [38], the influence of a longitudinal
magnetic field on the separating characteristics of a DC
discharge was estimated. The formula for the relative
difference in the degrees of ionization of isotopes under the
action of a magnetic field now has a more complex form than
Eqn (9):

Db
b
� Dm

4m

Qin � 6Q �in
�Qin � 2Q �in��1�Y�

� 1

1� TiR 2n 2
nQ

�
in�Qin � 2Q �in��1� w�=3�Te � Ti� ; �13�

where w � gegi, ge � eB=�nnaen�, and gi � eB=�nnain� are the
magnetization parameters of electrons and ions. Calculations
based on Eqn (13) showed that an increase in the magnetic
field leads to a slight decrease in the relative difference among
the isotope ionization degrees, and, consequently, in the
longitudinal separation effect. This result was confirmed
experimentally in magnetic fields up to the order of
Bz � 0:1 T [39]. Thus, the use of a magnetic field can help
reduce energy consumption in isotope separation, provided
the energy consumed to maintain the magnetic field is small.

5. Plasma centrifuges

After the centrifugal method for the separation of stable
isotopes was successfully developed in the USSR, the idea of

using a rotating plasma actively attracted the attention of
foreign specialists [8, 40±42]. The interest shown was related
to the possibility of achieving very high rotational speeds of
the mixture and attaining enrichment factors and separating
capacities greater than in a mechanical centrifuge. In
addition, this method was attractive due to the simplicity of
the design and the absence in it of moving parts, which are
characteristic of a gas centrifuge. Later, Russia joined
research on plasma centrifugation [43±46]. However, the
interest in plasma centrifugation was only associated with
the possibility of its application for the separation of isotopes
of elements that do not have convenient gaseous compounds.
The possibility of exciting centrifugal forces due to crossed
constant electric and magnetic fields and a high-frequency
rotating magnetic field was investigated. Study [47] explored
the idea of using a rotating magnetic field in the separation of
isotopes and gas mixtures for the processing of spent nuclear
fuel.

5.1 Plasma dynamics and centrifugal separation
in systems with crossed constant electric and magnetic fields
Initially, attempts were made to develop a plasma centrifuge
based on crossed constant radial electric and axial magnetic
fields. A simplified schematic of the device is shown in Fig. 10.
The rotation of the mixture in this case is due to the action of
the azimuthal electromagnetic force related to the interaction
of the radial electric current Jr and the axial magnetic fieldBz.
The figure shows the characteristic profile of the azimuthal
velocity of the medium, taking into consideration viscous
effects on the electrodes. The most complete physical results
were obtained on impulse installations, which made it
possible to implement significant specific energy inputs
using relatively simple means and lower the requirements for
the thermal stability of construction materials. The first
serious attempt to create an efficient plasma centrifuge was
made by Bonnevier ([8], hydrogen isotopes). Careful mea-
surements of separation effects in a xenon isotopic mixture

Plasma Jr

Vj

Bz

r

R1

R2

Figure 10. Simplified schematic of a plasma centrifuge with crossed fields:

Jr is the density of the radial current,Bz is the induction of the longitudinal

magnetic field, and R1 and R2 are the radii of the inner and outer

electrodes.

188 D A Dolgolenko, E P Potanin Physics ±Uspekhi 66 (2)



were performed in [43, 44]. In experiment [44], where
hydrogen was added to separated isotope mixtures of He
and Ne, results were obtained that were record breaking for
pulsed systems: the radial separation factor ar in a natural
mixture of neon reached 1.44, and for helium isotopes, it was
5.7. Separation of hydrogen±deuterium mixtures in a weakly
ionized plasma was studied in [45, 46]. In [48], isotope
separation in a pulsed system with crossed fields was studied
at powers of the order of 1 MW input into the plasma. The
radial discharge in the vacuum chamber was maintained
between the central electrode (cathode) and the side surface
of the chamber. The magnetic system created a longitudinal
magnetic field in the discharge region. The interaction of the
radial electric current and the longitudinal magnetic field
brought the plasma into rotation. The experiments were
carried out on various isotopic mixtures at a pressure of
about 10ÿ1 Torr in a wide range of currents (up to 8 kA) and
magnetic fields (up to 0.6 T). Optical methods were used to
measure the plasma density, the temperature of the neutral
and ionic components, and the radial distribution of the
rotation velocity for these components. It was found that
secondary flows affect the spatial distribution of concentra-
tion in the discharge chamber.

In [49], experiments were carried to separate uranium
isotopes in the plasma of a rotating arc. The discharge was
created between a uranium cathode 0.8 cm in diameter and an
annular anode 2 cm in diameter. The discharge chamber
length reached 40 cm, the discharge current was 180 A, and
the magnetic field induction was 0.8 T. The plasma rotation
speed was shown to reach 2� 103 m sÿ1.

Isotope separation in a rotating plasma of a beam
discharge was studied in [50]. In [51, 52], a `polarization'
mechanism of isotope separation was proposed, which is
realized near the end of the chamber in a completely ionized
plasma. In [53], positive results in the separation of nickel
isotopes were obtained in a rotating plasma of metal vapors
detached from the chamber walls. Studies of rotating arc
plasma were continued in [54, 55]. The instabilities of a
collisional rotating plasma were analyzed in [56]. It was
shown that ion-cyclotron instability can develop in a rotating
plasma at moderate frequencies of particle collisions. These
instabilities are completely stabilized in a dense plasma.

Attempts to theoretically describe separation processes in
pulsed plasma centrifuges encounter the problem of the
nonstationary character of the processes. In [57], the time
was calculated that is required for the establishment of the
hydrodynamic rotation velocity and gradients of concentra-
tions of the mixture being separated. An analysis of the time
of establishment of the azimuthal velocity in the hydro-
dynamic approximation showed that, for the plasma para-
meters described in [43], the hydrodynamic and separation
processes in plasma can be considered quasi-stationary.

5.2 Miscellaneous separation mechanisms
The centrifugal separation effect is not the only phenom-
enon which is observed in a plasma centrifuge. The
presence of a heat source related to the flowing of electric
currents and viscous dissipation results in the emergence of
temperature gradients in the mixture being separated,
which, in turn, generate thermal diffusion processes. In
addition, in a plasma centrifuge with crossed electric and
axial magnetic fields, the radial ion flow under the
conditions of magnetization of the electron component
causes separation effects related to the selectivity of the

transfer of momentum from ions to neutral atoms (ionic
wind) [58, 59].

Since, in the version of the plasma centrifuge with an axial
magnetic field under consideration, losses of charged particles
from the discharge volume primarily occur along the
magnetic field direction towards the chamber end, the
process of longitudinal diffusion can also result in a
difference between degrees of isotope ionization and,
consequently, manifestation of the cataphoresis separa-
tion mechanism. Both the ionic wind and isotopic cataphor-
esis under positive polarity of discharge voltage (external
electrodeÐcathode) enhance the total radial separation
effect, while, if the polarity is negative, they operate opposite
to the centrifugal mechanism. In study [17], a unified
diffusion model was used to analyze in detail the mechanisms
described, and it shows that, under certain conditions, they
can make a noticeable contribution to the separation effect in
addition to the centrifugal mechanism. It is worth noting that
these effects were observed in specially implemented modes in
experiment [43]. Furthermore, the unified diffusion model
was used to examine the `end face' separation mechanism,
which is due to the difference between azimuthal friction
forces acting on isotope ions [60, 61]. Another separation
effect, related to the difference among azimuthal velocities of
ions and neutral atoms, is due to the presence in the isotope
mixture being separated of a third, hardly ionizable, compo-
nent [62]. The enrichment coefficient can be represented then
in the form

er � Dm
m

M

M�m

w 2
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1� w 2
i

QnN

QiN

beErR2

kBT
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where QiN and QnN are the cross sections of elastic scattering
of ions and neutral atoms of the mixture being separated on
neutral atoms of the hardly ionizable component, wi is the ion
magnetization parameter, andM is the mass of the ion of the
hardly ionizable component. Enrichment, which is propor-
tional to ionization degree, increases with the magnetic field
strength.

In study [63], power consumption in plasma centrifuga-
tion was estimated for the experimental setup described
in [64]. The issue of the energy consumption of plasma
separation facilities is considered in detail in Section 6.

5.3 Enhancement of radial separation effects
along the height of the discharge chamber
of a plasma centrifuge with crossed fields
The effective use of a gas centrifuge is known to become
feasible due to the creation of a countercurrent flow of heavy
and light fractions. The essence of the enhancement effect is
that under certain conditions in a sufficiently long column,
the radial effect is enhanced along the length due to the axial
circulation flow. The enhancement is associated with the
transfer of heavy and light isotopes in opposite directions
along the axis and their predominant accumulation in
opposite near-side zones. In fact, the axial concentration
gradient is associated with the action of diffusion friction
forces, which are excited in the process of reverse diffusion of
the components. An increase in the degree of separation in a
single facility is facilitated by external cascading [1]. Since
implementation of external cascading is more challenging in
the case of plasma methods, the need for internal cascading
for a plasma centrifuge becomes apparent. It should be
emphasized that the implementation of internal cascading
not only increases the degree of enrichment of the product
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with the desired isotope but also facilitates the very selection
of the target component of the isotopic mixture without
significant mixing of the separated components of the
mixture, when the extraction and waste zones are associated
with opposite ends of the column.

The circulation is excited in amechanical centrifuge under
the effect of two mechanisms: an axial temperature gradient
or the mechanical braking of the rotating flow [2]. It turns out
that, in a plasma centrifuge, in relation to its design features,
circulation is excited in the separation chamber due to
deceleration of the gas flow at its ends. Study [65] examined
the reasons for the excitation of countercurrent flows
associated with the action of the ends, which slow down the
rotation of the plasma (Fig. 11a), and temperature gradients
(symmetric excitation, the so-called thermocentrifugal effect)
(Fig. 11b). As applied to the stationarymode, the efficiency of
the primary effect enhancement due to the circulation caused
by the internal axial current-carrying rod (Fig. 11c) was
calculated. It should be noted that the excitation of circula-
tion by decelerating ends and symmetrical cooling of the ends
is inefficient due to the appearance of two vortices rotating in
opposite directions (Fig. 11a and b) and a drop in the rotation
speed. More promising is the use of a circuit with an axial
current (Fig. 11c). It has been established in this case that
no fundamental problems exist for stationary systems that
would prevent implementing effective enhancement, since the
estimated optimal currents in the axial rod have rather low
values. Figures 12 and 13 show the calculated dependences of
the optimal circulation V �1 and the enhancement factor
K �z � ez=e0r. The latter factor is the ratio of the longitudinal
and transverse enrichment effect values from the compressi-
bility parameter a �1 � mV 2

j0=�RT �, where Vj0 is the max-
imum medium rotation speed and R is the universal gas
constant. It has been established that, with an increase in the
compressibility parameter, effective enhancement can be
attained by increasing the circulation. Thus, it has been
confirmed that, in a plasma centrifuge, in principle, not only
is the conversion of a radial effect into a longitudinal one
possible, but so is its significant enhancement along the
column length. The maximum enhancement factor can be
estimated as

KM
z �

eMz
er0
� 0:5

L

R2
: �15�

Study [57] explains, as applied to pulsed systems, the
nonstationary effects of the axial redistribution of concentra-
tion, which were experimentally examined in [48, 66].

In [67], it was proposed to create a countercurrent by
cooling one of the ends of the discharge chamber of a
plasma centrifuge with crossed fields �E� B� (asymmetric
excitation). It has been shown that by reducing the
temperature of the lower end relative to that of heavy
particles of a weakly ionized plasma from 2000 K to
1000 K at medium densities r1 � 5� 10ÿ3 kg mÿ3, accep-
table enhancement of the primary effect along the column
height can be obtained.

5.4 High-frequency plasma centrifuges
The use of crossed constant fields for the effective excitation
of a centrifugal force field was experimentally demonstrated
in [44, 49, 53]. However, a number of technological problems
were pointed out, related, in particular, to the presence of
electrodes. In [68, 69], an alternative method for accelerating
a conducting gas was proposed in which a high-frequency
gas-discharge system with a rotating magnetic field was used.
The inductive nature of the discharge, in contrast to that of
the discharge in similar devices with crossed constant fields,
made it possible not to use electrode systems. As shown
experimentally in [69], as applied to the dipole configuration
of the magnetic field for HF discharges in the range of field
rotation frequency n � 105ÿ107 Hz with a real energy input
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Figure 11. Schematic of excitation of circulation flows: (a) circulation due

to deceleration of the gas on the end surfaces; (b) circulation due to gas

cooling at the ends; (c) forced electromagnetic convection excited by an

axial current-carrying rod.
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of the order of several kW, the plasma rotates at a velocity
insufficient for effective separation in the field of centrifugal
forces. However, the calculation performed in [69] showed
that a way to increase the azimuthal velocity of the medium
and the centrifugal effects of separation is to reduce the
angular velocity of the field rotation o0 � 2pn while main-
taining the power input into the discharge at a constant level.
However, this requires the intensity of the alternating
magnetic field, and, consequently, the currents in the wind-
ing to be increased. In [70], a new concept of a low-frequency
(n � 30 kHz) countercurrent plasma centrifuge is described,
which is based on the use of a traveling magnetic field to
enhance the radial separation effect. It was proposed to rotate
the plasma by a rotating magnetic field, and to create axial
circulation due to a traveling magnetic wave. It is shown that,
due to the favorable profile of the circulation flow created by
the traveling magnetic field, a significant enhancement of the
radial separating effect along the length of the device can be
achieved. In [71±74], the feasibility of using an HF centrifuge
to separate Ca and Li isotopes was numerically evaluated.
Figure 14 shows a schematic of the facility under design with
supply and extraction systems. Figure 15 shows the calcula-
tions of the maximum centrifuge separation coefficients with
enhancement a as a function of the dimensionless output flow
h in the case of separation of potassium and calcium isotopes.

The above results show that separation factors of the order of
a � 2 can be achieved in a plasma centrifuge with enhance-
ment. The degree of enrichment can be increased further if
more than one facility is used. Such an external cascading is
possible, although it will require additional effort. However,
the required number of stages connected in series is
significantly reduced compared to that used in existing
industrial methods.

In [75, 76], as applied to an HF plasma centrifuge, the
hydrodynamic aspects of countercurrent excitation due to
axial temperature gradients are considered. It is shown that,
when one of the discharge chamber ends is cooled in a not
very intense temperature regime, countercurrent axial circula-
tion can be excited, which is necessary for the effective
enhancement of the primary effect along the column length.

Study [77] presents a detailed review of approaches to the
problem of reprocessing spent nuclear fuel (SNF). However,
the task of separating chemical mixtures of various gases with
a large relative mass difference is not directly related to the
more challenging problem of obtaining stable isotopes. In this
review, we only outline those recent results regarding the
nuclear fuel reprocessing, which are not included in review
[77], and relate to separation in a sufficiently dense plasma,
where the enrichment effects occur due to mutual diffusion.

An original proposal on the use of a rotating plasma for
SNF reprocessing was made in [78]. The idea of separating
nuclear fuel from fission products was based on Okawa's
plasma filter method. Unfortunately, this proposal failed to
yield positive results in terms of the degree of separation. In
our opinion, this method did not take into account the
possibility of decelerating a rotating mixture by secondary
flows associated with the influence of structural elements and
spatial inhomogeneity of centrifugal forces. It was proposed
in [79] to use a rotating magnetic field to create a low-
frequency direct-flow plasma centrifuge designed to separate
nuclear fuel from fission fragments. Due to the large
differences among the masses of the separated components
of the mixture, such a system makes it possible to use the
primary radial separating effect, which is not possible in
countercurrent devices.

Figure 16 shows a schematic diagram of a centrifuge
based on a plasma jet spun by an HF field. The separation
effect in a model binary mixture with atomic masses of 120
and 240 was estimated for specific parameters of the facility
and properties of a fully ionized plasma. The hydrodynamic
parameters of the rotating and expanding plasma column, the
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separating effect, and the performance of the device are
estimated.

In [80, 81], a detailed calculation of the centrifugal field of
an HF plasma centrifuge was carried out in the magneto-
hydrodynamic approximation taking into consideration the
Hall effect and in the multicomponent hydrodynamic
approximation. For real plasma parameters with number
density n � 1018 mÿ3, amplitude value of the HF field
B0 � 2� 10ÿ4 T, longitudinal confining magnetic field
Bz � 0:1 T, characteristic ion temperature hTii � 104 K, and
mass difference of separated components Dm � 2� 10ÿ25 kg,
the estimated values of the angular velocity of plasma
rotation and the logarithm of the separation factor were
O � 1:3� 105 sÿ1 and ln a � 10, respectively [78]. It was
shown in [81] that, if the central part is `cut out' from a
rotating plasma cylinder with a diameter of 10 cm using an
annular skimmer with a diameter of about 2 cm, the
concentration of the enriched fuel component in the extrac-
tion flow increases from the initial 0.96 to 0.999. The degree of
extraction of fuel components is 0.93.

In [82], as applied to the problem of SNF reprocessing, the
separation of a model Ag�Pb mixture was experimentally
studied in a system with crossed radial electric and axial
magnetic fields. The discharge voltage was 550 V, and the
amperage varied in a range of 8±14 A. A plasma source based
on an arc discharge with a hot cathode was used. The
maximum separation factor of the mixture is shown to be as
high as 8.

6. Energy consumption
of diffusive plasma methods

Diffusive plasma methods of isotope separation in what
regards the nature of the processes occurring in a weakly
ionized plasma are similar to most modern industrial
methods. For gas diffusive and centrifugal technologies, the
specific energy consumption is usually determined. This value
is the ratio of the power W consumed by the facility to its
separating power dU. The specific energy consumption of
various plasma methods was calculated in [83]. For a DC
discharge, the specific energy consumption can be estimated
according to the formula

W
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� 512 jek
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where je is the electron current density in the separation zone
averaged over the cross section, T is the temperature of the
neutral gas, b is the degree of mixture ionization, r is the
plasma mass density, and D is the coefficient of mutual
diffusion of the mixture components being separated. If the
following characteristic values of the discharge parameters
and plasma properties are used, je � 106 A mÿ2, T � 103 K,
rD � 10ÿ4 kg (m s)ÿ1, b � 10ÿ2, and E � 103 V mÿ1, we
obtain
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In the case of an HF system with a traveling magnetic
field, the expression for specific energy consumption takes the
form
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where pn is the average pressure of the neutral gas andVf is the
phase velocity of the wave. Taking as characteristic values
of system parameters and plasma properties L � 1 m,
R � 0:03 m, pn � 1 N mÿ2, Vf � 105 m sÿ1, W � 5� 103 W,
rD � 10ÿ4 kg (m s)ÿ1, we find
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In conclusion, we estimate the specific energy consump-
tion of a plasma centrifuge with crossed radial electric and
axial magnetic fields under conditions of weak ionization of
the medium. If viscous dissipation and the logarithmic
velocity profile �Vj � V0 ln �r=R�� predominate, the mini-
mum value of specific energy consumption can be estimated
using the formula
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where Sc � Z=�rD� is the Schmidt number. If we use the data
on the experimentally achievable values of the plasma
rotation velocity (V0 � 8� 103 m sÿ1 and Sc � 0:7), the
specific energy consumption in the separation of xenon
isotopes can be estimated as
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Thus, in terms of energy consumption, a plasma centrifuge is
potentially advantageous over a system with a traveling
magnetic wave, especially in the case of a DC discharge.

As mentioned in the Introduction, plasma methods are
universal. However, due to high energy consumption, they
can only be competitive in the separation of isotopes of
elements that do not have volatile components under normal
conditions, where centrifugal technology is not applicable.
Therefore, it is expedient to compare plasma methods with
electromagnetic mass separation. The issue of productivity
and energy consumption of a mass separator is described in
detail in [84]. In relation to this, an important circumstance
should be noted. In considering the effectiveness of the
electromagnetic method, the concept of `separating power'
dU is usually not involved. In [84], data are given for energy
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consumption per unit productivity of the electromagnetic
method, expressed in [kWh mgÿ1]. For example, in the
particular case of obtaining the 168Yb isotope, the ratio of
the consumed power W to the extraction flow Pe was
W=Pe � 76 kWh mgÿ1. We now endeavor to compare, at
least approximately, the performance of plasma centrifugal
and electromagnetic methods. The performance of an HF
plasma centrifuge as applied to the separation of Ca
isotopes was calculated in [71]. As follows from the
results obtained, the concentration of the target 48Ca
isotope in the optimal mode of operation of the HF
plasma centrifuge with a length of 1 m and a chamber
radius of 0.05 m can be increased from 0.187% to 0.37%.
The extraction flow is about Pc � 1:6 mg sÿ1 (power
consumption is about 10 kW). In an electromagnetic
separator [85], at an ion current of 60 mA (correspond-
ing to an extraction flow of Pe � 3� 10ÿ2 mg sÿ1), the
concentration of 48Ca increases from 0.187% to 87%. The
above estimates show that the advantage of the electromag-
netic method in terms of product purity is compensated in
the plasma method by a significantly higher productivity.
If we compare the separating capacities dUe and dUc of
the electromagnetic and plasma methods, we obtain for
hrDiR � 10ÿ3 g sÿ1 similar results: dUe � 2�10ÿ4 g sÿ1 and
dUc � 1:5� 10ÿ4 g sÿ1 [71].

It is worth noting that at present plasma methods are not
used in the industrial production of isotopes. However, it can
already be asserted that, in obtaining isotopes of elements
that do not have suitable gaseous compounds at room
temperature, plasma methods will be cost effective at
intermediate scales of production, when the electromagnetic
method becomes very expensive. The industrial implementa-
tion of plasma methods is possible where there is a demand
for isotopes on a production scale of about 100 kg yrÿ1 or
more. It is also possible that a combination of the plasma and
electromagnetic methods will make it possible to significantly
reduce the cost of the product if a plasma facility, which has a
higher productivity, is used for preliminary enrichment of the
mixture.

7. Conclusion

Numerous experimental and theoretical studies of isotope
separation processes based on the selective diffusion of
separated components in plasma are reviewed. Interest in
these studies is due to the absence of convenient gaseous
compounds in most elements, as a result of which the method
of centrifugal cascades is not applicable. Based on the
developed method for calculating diffusion processes in gas
mixtures in the field of various kinds of external force fields, a
theoretical explanation is provided for experimental data on
the separation of isotopic mixtures in plasma separation
devices. In the case of a system with a traveling magnetic
field, it is shown that the main contribution to the separation
of isotopes at high pressures is made by thermal diffusion,
while at low pressures, by ionic wind and isotope cataphor-
esis. It has also been established that the driving mechanisms
of separation in a direct DC discharge are isotope cataphor-
esis at low pressures and ionic wind at high pressures.

Experimental and theoretical studies of centrifugal separ-
ating effects in pulsed plasma centrifuges are discussed in
detail. In a pulsed system with crossed fields, when hydrogen
is added to the 20Neÿ22Ne isotope mixture to be separated,
record high values of the centrifugal effect (e � 34%) have

been achieved. As applied to stationary systems, various
mechanisms that enhance the centrifugal effect are dis-
cussed. The concept of multiple enhancement of the separa-
tion effect along the length of the device is substantiated. The
conditions are determined under which an effective enhance-
ment of the radial effect in a stationary plasma centrifuge can
be attained. The feasibility of using high-frequency fields for
the implementation of centrifugal radial separation effects
and their enhancement due to countercurrents are considered.
The specific energy consumption of various plasma diffusion
methods is estimated and the potential advantage of centri-
fuges is pointed out. In conclusion, the calculated values of
the selection flows in an HF plasma centrifuge are compared
with the experimental data on the performance of an
electromagnetic separator. A conclusion is made that the
plasma method can be used for the separation of isotopes of
those elements that do not have volatile compounds under
normal conditions, at intermediate scales of production.
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