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ABSTRACT

High-throughput plasma separation based on atomic mass holds promise for offering unique solutions to a variety of high-impact societal
applications. Through the mass differential effects they exhibit, crossed-field configurations can in principle be exploited in various ways to
separate ions based on atomic mass. Here, we review some of the E x B mass filter concepts proposed to date and underline how the practi-
cality of these concepts is conditioned upon the ability to sustain a suitable perpendicular electric field in a plasma for parameters compatible
with high-throughput operation. We show that while the limited present predictive capabilities do not make it possible to confirm this possi-
bility, past experimental results suggest that end-electrode biasing may be effective, at least for certain electric field values. We conclude that
a better understanding of cross-field conductivity is needed to confirm these results and confirm the potential of crossed-field configurations

for high-throughput separation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083229

I. INTRODUCTION

Separation processes are critical steps in many industries. Yet, the
efficiency of most industrial chemical separation processes, including
the widely used distillation techniques, remains well below thermody-
namic limits." Developing energy-efficient separation processes there-
fore holds significant upside potential for both energy and the
environment. For instance, transitioning to improved separation pro-
cesses is projected to reduce energy costs by $4 billion per year in the
U.S. petroleum, chemical, and paper manufacturing industries alone.”

Compared to neutral particles in liquid and gases, electrically
charged particles can in principle be manipulated in many more ways.
One possibility is to use particles” electric charge to enhance the effi-
ciency of existing separation processes. This is, for example, the idea
behind electrofiltration, which takes advantage of the electric charge
naturally present on certain particles to facilitate their separation
through porous membranes.”* A different approach consists of using
electric and magnetic forces as the primary mechanism to separate
particles. For this approach to be efficient, a large enough fraction of

particles needs to be charged, which requires operating in an ionized
gas or plasma.

The first and arguably best known separation technique utilizing
charged particles is the mass spectrometer originally designed by
Dempster’ and Aston® following pioneering work by Wien’ and
Thomson® (see, e.g., Refs. 9 and 10 for a historical account of the devel-
opment of mass spectrometry). In these devices, charged particles are
accelerated through a voltage gap and then separated based on charge
to mass ratio g/m in a region permeated by a perpendicular magnetic
field. This technique forms the basis for separation based on differences
in the gyro-orbit and was implemented and used at large scale in calu-
trons'' for isotope separation during the second world war. Yet, separa-
tion in these devices relies on single particle motion which sets
constraints on the practical operating parameter space. Instabilities'”
and space charge effects'”'* are known to impede high density opera-
tions, which in turn limits practical throughput in these devices.

While high-throughput separation is always a desirable property,
the acute need for it has only emerged within the last decade. Indeed,
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up until the 2000s, plasma separation had mainly been considered for
isotope separation,"”'* where quantities to be separated are typically a
few tens of kilograms per year. However, it has since then been recog-
nized that plasma separation, and more specifically plasma separation
based on atomic mass, could offer unique solutions to outstanding
societal challenges including nuclear waste cleanup,'” nuclear spent
fuel reprocessing,'>*’ >’ and rare earth element recycling.”* In addi-
tion to promising efficient solutions to separation needs which are par-
ticularly challenging for conventional chemical techniques, an
important advantage of plasma separation for these applications is
that it is anticipated to have a much smaller environmental footprint.
Yet, in contrast to isotope separation, these applications typically
involve processing many tens of tons per year. In addition, these new
applications differ from isotope separation in that the mass difference
between elements to be separated is typically a few tens of atomic mass
units (see Ref. 25 for an in-depth comparative analysis of the separa-
tion needs of these three applications). For plasma separation to be
practical for these applications, plasma separation devices capable of
throughputs of 10* kg year™' with large mass differences are therefore
called for.

To address this new need, various concepts relying on different
physical phenomena have been proposed.'® Yet, high-throughput
plasma separation poses its own set of physics and technological chal-
lenges, as recently reviewed by Zweben et al’® Identifying and
addressing these challenges is the first step toward the development of
practical devices. One challenge common to many concepts is the
need to control perpendicular electric fields in crossed-field
configurations.

This paper is organized as follows. In Sec. II, we begin by review-
ing the various crossed-field plasma mass separation concepts pro-
posed to date, along with their particular cross-field dynamics control
requirements. In Sec. 111, the basic physics picture for driving cross-
field dynamics using electrodes along magnetic field lines is presented,
and past experimental results providing insights into the practicality of
this scheme for plasma separation are discussed. Finally, the main
findings are summarized in Sec. I'V.

Il. MASS SEPARATION IN CROSSED-FIELD
CONFIGURATIONS

Many different plasma separation schemes have been proposed
over the years. In this paper, we focus on one particular family of
plasma filtering concepts, namely, plasma separation concepts relying
on crossed-field configurations, with the goal of highlighting the chal-
lenges toward the realization of these concepts. Broader surveys and
discussion of plasma filter concepts, including those based on ion-
cyclotron resonance,”” drift in curved magnetic field,”® and collisional-
ity gradients,”” can be found in recent reviews.'**°

Crossed-field separation schemes can be broadly divided into
two groups depending on whether ions are magnetized or not, that is
to say, whether /L is smaller or larger than 1. Here, L is the device
characteristic length across the magnetic field and r; is the gyro-radius
of an ion with thermal speed. This characteristic is used in this section
to introduce various plasma filter configurations proposed to date.

Note that the crossed-field is used here as a qualifier for separation
schemes similarly to the usage of crossed-field to qualify devices such
as magnetrons or hall thrusters. What is meant here is that a
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perpendicular electric field is needed for the operation of these devices,
even if only electrons exhibit a crossed-field drift motion.

A. Crossed-field in the magnetized ion regime

Fluids in rotating motion experience a density dependent centrif-
ugal force. In neutral fluids (liquids and gases), fluid rotation must be
imparted mechanically. This is generally achieved through entrain-
ment at the edge by moving parts (e.g., a rotor). Bulk rotation then
results from viscous forces between fluid elements. In steady state, a
pressure gradient forms to balance out the radially outward flux
induced by centrifugal forces. Since the equilibrium profile depends on
the molecule mass and the rotation frequency €, the composition of a
mixture will vary with the radius, enabling separation.”’ Yet, a limit of
neutral centrifuges is that the rotation velocity Qr, which affects
directly the separating power, is constrained by the mechanical stress
exerted on moving parts. Since rotation in plasmas can in principle be
produced in volume by taking advantage of particle electric charge,
rotating plasmas can in principle address this shortcoming and access
higher rotation velocities.

Since Bonnevier’s original calculation that mass differential
effects should arise from diffusion in a multi-ion species plasma sub-
jected to centrifugal forces,”’ crossed-field or E x B configurations
have played a central role in separation in rotating magnetized
plasma.”” Here, E and B are the electric and magnetic fields, respec-
tively. In uniform fields, ion and electron crossed-field drifts are equal,
and no mass or charge dependent motion arise. On the other hand, in
nonuniform crossed-field configurations such as a radial electric field
E = E# in a cylindrical plasma column permeated by a uniform axial
magnetic field B = Byz, inertial terms introduce charge and mass
asymmetries. In particular, ions will exhibit mass dependent azimuthal
drift velocities. The azimuthal collisional drag force exerted by the
slower light ions on the faster heavy ions, and vice-versa, in turn leads
to an inward drift of light ions and an outward drift of heavy ions. In
steady state, heavy ions are then found preferentially at a larger radius,
while light ions are preferentially found at a smaller radius.”** This is
illustrated in Fig. 1(a). Note that flipping the radial electric field from
positive to negative changes both the rotation direction and the fastest
and slowest ion population. Heavy (respectively light) ions are thus
still pushed outward (respectively inward), so that separation can in
principle be achieved with both polarities.””

The first mass separation devices designed to harness these effects
were very similar to homopolar devices.”® This configuration consists
of a cylindrical anode positioned on the axis of a hollow cylindrical
cathode producing a radial electric field. The cathode is surrounded by
a set of magnetic coils producing a uniform axial magnetic field in the
interelectrode gap. Operation in these devices is typically pulsed, with
neutral gas previously fed into the chamber typically ionized by dis-
charging a capacitor bank, but stationary discharges have also been
used.”” The discharge current flowing across the magnetic field drives
rotation through the Lorentz force j x B, with j the current density.”
Experiments confirmed plasma rotation but also revealed different
modes of operation depending on the conditions including magnetic
field strength B and neutral pressure p."’ Furthermore, while these
concepts demonstrated separation,’ the separation factor of partially
ionized centrifuges was later shown to be limited by viscous heating."”
The benefits of a higher rotation velocity can then be negated by a
higher plasma temperature.
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A closely related concept, developed to address the limits of par-
tially ionized centrifuges, is the vacuum arc centrifuge (VAC)." VACs
differ from partially ionized centrifuges in that the chamber is not
filled with neutral gas. Instead, the gas discharge is replaced by an arc
discharge formed between two electrodes. This allows for fully ionized
plasmas, which in turn remediates to another limitation of partially
ionized centrifuges, namely, the critical ionization velocity phenomena
originally postulated by Alfvén.” Experiments confirmed the separa-
tion capabilities of VACs,""® but separation factors remain modest
even for mass differences of tens of atomic mass units.””** VACs have
also been shown to lead to instabilities."”

Although rotation is a prerequisite to separation in centrifuges,
the condition E/(Br) < Q; with Q; the ion-cyclotron frequency is
typically obtained, ” so that centrifugal corrections to the crossed-field
rotation frequency can be neglected to lowest order. In addition, ion
diamagnetic drift can generally be neglected compared to the E x B
drift.”**" Finally, self-generated magnetic fields in partially ionized and
vacuum arc centrifuges are generally assumed to be negligible com-
pared to the externally applied magnetic field. Therefore, rotation
velocity is primarily controlled by the self-consistent electric field with

1d¢

“Brdr’
with ¢ the electric potential.”’ Since separation in plasma centrifuges
is directly related to the rotation velocity,”" the ability to control the
electric field and, as a result, the rotation profile is highly desirable.

The need for electric field and rotation profile control in magne-
tized plasma has grown even stronger in the last decade as the emer-
gence of new separation needs (see Ref. 25 and references therein for a
discussion of these needs) led to the development of new filter con-
cepts. Indeed, the greater mass difference existing between elements to
be separated opens new avenues to leverage mass dependent particle
dynamics in crossed-field configurations, and configurations which
would be inefficient for isotope separation may hold promise for
emerging applications.”

One example is the Archimedes filter” based on the DC bandgap
ion mass filter proposed by Ohkawa and Miller.”” In this concept,
mass separation depends on imposing a suitable DC concave parabolic

plasma potential radial profile ¢, = ¢o(a* — r*) across a uniform

Q 1

scitation.org/journal/php

FIG. 1. Sketch of the separation process
and required rotation frequency Q for
(a) a plasma centrifuge,®' (b) Ohkawa's fil-
ter”” and (c) the Double Well Mass
Filter.*® Although all three concepts have
the same generic crossed-field configura-
tion [E = E¥, B = Byz] and operate in
magnetized ion regime, the different radial
potential profile required by each concept
translates into very different separation
flows. Q" and Q' designate the heavy
and light ion gyro-frequency, respectively.
a is the plasma column radius. Thick red
and gray arrows represent heavy and light
ion flows, respectively. The longer the
arrow, the larger the flow.

axial magnetic field, with a the axisymmetric plasma column radius.
Moving to the frame rotating uniformly at the angular frequency
—Q;/2 = —eBy/my;, the Coriolis force on an ion of mass m; exactly
cancels out the Lorentz force on this same ion. Whether or not this
ion is radially confined is then determined by the effective potential

¢ = ¢y + bp with

- Q,—Bor2
-8

the contribution of centrifugal and Coriolis forces on a rotating ion.”
By imposing a parabolic radial profile, ¢, has the same radial depen-
dence as ¢;. The voltage drop ¢, across the plasma column then dic-
tates the sign of d*¢* /dr?. In particular, it can be chosen so that ¢* is
convex for light ions but concave for heavy ions. If so, light ions are
radially confined but heavy ions are not. Light ions could then be col-
lected axially along field lines while heavy ions are collected radially, as
shown in Fig. 1(b). Although conceptually simple, the nature of the
separation mechanism in this concept makes high rotation velocity
(Q ~ Q;/4) mandatory, which translates into the need for larger
potential gradients. This may in turn bring additional challenges com-
pared to plasma centrifuges, such as the possible onset of instabil-
ities.”*”> The need for high rotation velocity in a partially ionized
plasma may also be an issue due to the critical ionization velocity phe-
nomena.””” Yet another possible challenge in this concept is that sep-
aration relies on single-orbit dynamics. Collisionless operation
Q; /vy > 1, with v;; the ion-ion collision frequency, is hence required.
This constraint sets in turn an upper density limit for a given magnetic
field. Nonetheless, indirect experimental evidence of this differential
separation effect was obtained by Shinohara et al. in a collisionless
regime at very low pressure.”® Furthermore, an evolution of this con-
cept known as the Double Well Mass Filter, illustrated in Fig. 1(c),
allows for collisional operation and hence possibly for the high density
plasmas required for high-throughput processing.”® However, this
comes at the expense of the need for a more complex (4th or higher
order) electric potential radial profile and shear. Note that while these
concepts are considered here under the magnetized ion group, the
high rotation velocity makes ion gyro-radii comparable to or even
greater than the device radius in the case of heavy ions in the
Archimedes filter.

i 2
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Another separation scheme is the Magnetic Centrifugal Mass
Filter (MCMF) proposed by Fetterman and Fisch™ drawing upon an
asymmetrical centrifugal trap designed for aneutronic fusion.”’
Separation in this device is based on a complex asymmetrical magnetic
field topology designed to produce two distinct confinement plugs. A
magnetic mirror positioned at larger radius in a centrifugal trap leaks
preferentially heavy ions,”*' while a centrifugal barrier positioned at a
smaller radius preferentially leaks light ions.””** In principle, a heavy
ion rich stream can then be collected at one end while a light ion rich
stream is collected at the other end. Yet, a suitable electric potential
profile needs to be imposed across the magnetic field to produce the
plasma rotation required for this device to operate successfully. In
addition, ion-ion and ion-neutral collisions constrain the practical
range of operation of this concept.”**” While this concept may require
less finesse in electric potential profile, in particular compared to
Ohkawa’s filter and its higher order variation discussed in the previous
paragraph, it introduces extra complexity by demanding potential dis-
tribution control across magnetic field lines with varying inclination
with respect to the rotation axis.

B. Crossed-field in the nonmagnetized ion regime

Another interesting plasma regime is the one where electrons are
magnetized but ions are not. In this regime, electron dynamics consists
primarily of the E x B drift motion, whereas ion dynamics is primarily
dictated by the electric field. This mass and charge dependent dynam-
ics offers many opportunities for applications. This is exemplified by
the variety of crossed-field plasma devices operating in this regime,
which ranges from magnetrons for sputtering applications to hall-
effect thrusters for space propulsion.”””” In many of these devices,
crossed-flelds are used to achieve different goals with electron and ion
dynamics. For instance, electron confinement in a closed crossed-field
drift geometry ensures efficient ionization while enabling the strong
electric field required for ion acceleration in hall thrusters. But
crossed-field configurations in the nonmagnetized ion regime can also
be used to harness the mass dependent ion dynamics.

One example is the separation region of the Plasma Optical Mass
Separator with Electrostatic focusing (POMS-E) originally proposed
by Morozov and Savelev® and further studied and developed by
Bardakov and coworkers at Irkutsk National Research Technical
University.”””" In this concept, an annular plasma beam first passes
through a region with a strong radial magnetic field known as the
“azimuthator.” From conservation of the canonical azimuthal
momentum p, = mv, + qA,, with q the electric charge, ions acquire
an azimuthal momentum mv,, upon crossing this region. For a given
charge, the azimuthal momentum at the exit of this region p, =
muv,, is equal for all jons, so that the azimuthal velocity is inversely
proportional to the ion mass. Counter-intuitively, the centrifugal force
exerted on ions is hence inversely proportional to the ion mass. Ions
then enter the crossed-field separation region which consists, as
depicted in Fig. 2(a), of a radial electric field and an axial magnetic
field weak enough for ions to be nonmagnetized. The ion dynamics in
this region can be described by the effective potential

2 2
¢ =y - Do (f) 3)

2em \ r
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with ¢, being the plasma potential and r, the azimuthator radius.
Assume that a negative radial electric field

d a
—%:—Eor— (4)
r r

can be imposed in the plasma, with E; > 0 the radial electric field at
the azimuthator radius. One then gets

6" _pel |1 1 (1)’
dr — er |m* m\r ’ 5)

where we have introduced the mass

E, =

2
m* = p(ﬂa .
EE()Ta

(6)

Consider ions leaving the azimuthator at r=r,. For m < m*,
d¢” /dr <0, so that lighter ions are pulled outward. Inversely, for
m > m*, d¢*/dr > 0, so that heavier ions are pulled inward. Light
ions can then be collected on an outer radial limiter while heavy ions
can be collected on an inner radial limiter, as illustrated in Fig. 2(a).
Additionally, an intermediate range of masses (m ~ m*) can be col-
lected axially by choosing the device length appropriately.””
Experiments on this device using a mixture of three gases revealed that
the flow becomes positively charged when going through the azimu-
thator, which in turn affects the ion dynamics and separation.73 This
observation was recently explained through analytical models for elec-
tron and ion flows in the azimuthator.” However, the separation
region, and in particular how the required potential can be appropri-
ately imposed across the magnetic field in the presence of plasma, has
not yet been studied experimentally. In addition, the extent to which
collisions will affect this single particle separation scheme and how
this might constrain the practical operating parameters are unknown
to date.

Another plasma mass separation concept based on crossed-fields
with nonmagnetized ions is that proposed by Smirnov and coworkers
at the Joint Institute for High Temperature of the Russian Academy of
Sciences and at the Moscow Institute of Physics and Technology.”' In
contrast to other concepts where the magnetic field is mostly axial and
typically produced by external coils, the magnetic field is here nonuni-
form and along the azimuthal direction, B = yI/(27nr)¢, and is pro-
duced by an on-axis axial current I. Here, p, is the magnetic
permeability and r is the radial coordinate. In addition, while ions are
nonmagnetized, the magnetic field in this concept is strong enough to
affect ion dynamics, with r, ~ L. Analytical calculations have shown
that mass separation may be produced in different ways in this device,
such as axial or radial particle injection and linear or parabolic radial
electric potential profile.”” For the axial injection scheme illustrated in
Fig. 2(b), separation relies on light ions being turned around by the
magnetic field while the larger Larmor radius heavy ions reach a
potential well which pushes them axially before they can be turned
around by the magnetic field. The iso-potential contours of this com-
plex potential topology are traced in light gray in Fig. 2(b). Light ions
could then be collected at the same axial position as where they are
injected, while heavy ions could be collected further down the beam
path. However, control over the imposed potential well depth and
position is essential for this device to operate as designed. In addition,
similarly to Ohkawa’s and the POMS-E filter, separation in this
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FIG. 2. Sketch of the separation process in (a) the POMS-E**"® and (b) Smironov’s azimuthal crossed-field filter.”" While ions are nonmagnetized in both devices, ions are
affected by the magnetic field in Smirnov’s filter while they are not in the POMS-E. POMS-E takes advantage of the balance between centrifugal forces associated with an ini-
tial azimuthal velocity (uwH < v(,,L) produced upstream in the azimuthator (not shown here) and a confining radial electric field (E, < 0). Smirnov’s filter relies on a 2d electric
potential well (iso-potential contours in light gray) tailored to accelerate heavy ions axially after light ions have been turned around by the azimuthal magnetic field
B = 1yl/(27r)é, with | < 0 the on-axis axial current. Thick red and gray arrows represent heavy and light ion streams, respectively.

concept relies on single-orbit dynamics, and the effect of collisions typ- direct control over the electric field within the plasma column.
ically associated with high density operation on separation capabilities Similarly, biasing a central rod with respect to an outer electrode, as
remains to be examined. done in the homopolar conﬁguration"(’ depicted in Fig. 3(b), sets the

1. PRODUCING PERPENDICULAR ELECTRIC FIELDS potential drop across the plasma, but the electric field is still governed

As illustrated in Sec. 11, mass separation in many concepts is con-
ditioned upon the ability to impose and tailor an electric field perpen-
dicularly to the magnetic field within a plasma. In addition, control
over this electric field must be effective for high plasma density.
Indeed, while detailed plasma parameters are likely to vary from one
concept to another, high-throughput operation requires high density
plasmas. Quantitatively, taking a typical device cross sectional area of
1 m? and assuming a thermal ion flux nvy,;/4 and a typical atomic
mass of 60amu, one calculates that a plasma density of at least 2
x 10" cm ™ is needed to achieve a throughput of 10*kgyear ' for an
ion temperature T; ~ 10 eV. It is also worth pointing out here that col-
lisions may limit further the achievable throughput.”” Consequently,
high-throughput plasma mass separation in crossed-field concepts
hinges on the demonstration of a means to create and tailor an electric
field within a plasma for densities of up to 10">cm . In this section,
we shed light onto the challenges this represents by reviewing past
results. Note though that this is by no means meant to be a compre-
hensive review of the extensive literature on this topic, but rather an
illustration of the complexity of this task in the context of plasma
separation.

A. Foundations for producing perpendicular electric
fields using electrode biasing

In mass filtering concepts, the required electric field is typically
assumed to be produced by means of one or multiple biased electrodes
within or at the edge of the plasma. However, it is clear that the use of
any less than three electrodes will not provide control over the electric
field. To illustrate this result, consider for simplicity the linear cylindri-
cal geometry with B = Byz. Positioning a single electrode at the edge
of the plasma as illustrated in Fig. 3(a) (often refer to as a limiter) can
set the local electric potential. It has also been shown to effectively
affect the local electric field and rotation in mirror machines,® linear

. 77 . .78 . . FIG. 3. Possible biasing schemes to produce a cross-field configuration: (a) limiter,
experiments,”” and toroidal devices.’ ¥ However, the electric field in the 9 p 9 (@)

(b) biased central rod, and (c) ring-electrodes. For each scheme, the left figure is

plasma is set through the plasma self-reorganization stemming from the side view, and the right figure is the end-on view. Black lines denote the cylindri-
the imposed boundary condition. A limiter thus does not provide cal grounded vacuum vessel; brown lines represent the biased electrodes.
Phys. Plasmas 26, 043511 (2019); doi: 10.1063/1.5083229 26, 043511-5
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TABLE I. Typical conditions in previous end-electrode biasing experiments in linear
devices.

Basic plasma Fusion
Parameter phenomena experiments
Plasma density n (em™>) 107-10"! >10"2
Electron temperature T, (eV) <10 >30
Ton temperature T; (eV) 103-1 >100
Neutral density ratio ng/n >1 <1
Magnetic field B (kG) 107°-1 1-10
Applied bias (V) 1-100 100-1000

by the plasma response. Thus, even if the intricate plasma response
were to be entirely predictable, these two schemes could at best pro-
vide indirect control over the perpendicular electric field in the
plasma.

Another approach is to use biased electrodes along magnetic field
lines, such as the ring-electrodes proposed by Lehnert’”” depicted in
Fig. 3(c). The idea behind this concept is that if conductivity along
magnetic field lines can be assumed to be much greater than conduc-
tivity perpendicular to field lines, then magnetic field lines are in first
approximation iso-potential. The potential of a given field line is then
controlled through the potential applied on the electrode intercepting
this same field line. This phenomenon is referred to as magnetic line-
tying.*’ However, Lehnert pointed out that magnetic line-tying is only
effective for a choice of magnetic field and plasma and neutral densi-
ties which ensure that collisions with neutrals and viscosity do not alter
the velocity field along field lines.”” Furthermore, the interelectrode
gap must be smaller than the ion Larmor radius.”” These constraints
were later underlined by Bekhtenev and coworkers”*' through the
need for high conductivity between the plasma and electrodes. These
conceptual limits are especially relevant for separation applications
since high-throughput processing not only requires, as we have seen,
high plasma density but also leads presumably to a non-negligible neu-
tral fraction. Indeed, the input feed to be separated is thought to be fed
into the system either as dust, droplets, or in solid form. It is therefore
anticipated that neutrals will be present in the system as a result of par-
tial ionization of the feed. Furthermore, depending on the feed

scitation.org/journal/php

composition, neutrals are expected to be formed through recycling at
the walls.

A fundamental result when considering conductivity in cylindri-
cal geometry is that transport properties are intrinsically modified by
rotation.®”®* Indeed, inertia leads to differences between electron and
ion cross-field drift velocities, which in turn makes perpendicular con-
ductivity finite and nonlinear in a fully ionized rotating plasma.
Theoretically, Rax et al. recently demonstrated that a complex inter-
play between Coriolis, centrifugal, and collisional drag forces makes
perpendicular current scale as the third power of the electric field.”*
This nonlinear effect is yet another contribution, along with collisions
with neutrals and instability and turbulence,”” to the complex picture
of transport in crossed-field configurations. Progress toward plasma
separation in crossed-field configurations, like very many other plasma
applications, thus revolves around advancing our understanding of
this complex picture. Pending theoretical advances, insights into the
practicality of these concepts can be obtained from experiments.

B. End-electrode biasing experimental results

Even when focusing only on experiments in linear geometry, the
literature on electric potential control using multiple end-electrodes
along field lines is quite vast. As illustrated in Table I, experiments can
be roughly divided into two groups depending on the scope of the
study. On the one hand, there are experiments at low plasma density,
low temperature, and limited biases conducted to study basic plasma
phenomena such as instabilities’*” and space physics.”* On the other
hand, high density, high temperature strongly biased experiments were
conducted for the most part in mirror geometries for magnetic confine-
ment fusion studies.”” ”" Interestingly, plasma parameters envisioned
for separation applications have plasma densities and magnetic field
similar to those of the second group but temperatures and neutral frac-
tions are more similar to those of the first group. The plasma parame-
ters of the selected experiments discussed below are compared to values
targeted for high-throughput separation in Table II.

Among low density experiments, the most successful is arguably
the experiment by Tsushima and coworkers using three concentric
ring-electrodes in an argon electron cyclotron resonance plasma in
mirror geometry.”””* The radial electric field near the mirror midplane
was successfully varied from —2 to + 2 V/em at n ~ 10" cm™> by

TABLE II. Typical plasma parameters in selected past end-electrode biased experiments. Quantities are normalized to the values targeted for high-throughput separation,

n® =10 cm=, TS = 5eV, T° =50 eV, and E = 20 Vicm.

Plasma Electron Ion temperature Electric
Experiment density [n°] temperature [T] (1] field [E]
Q-machine, West Virginia Univ.” 10°* 0.01 103 0.1
Large diameter helicon, Kyushu Univ.” 1073 1 10°° 1
QT-Upgrade machine, Tohoku Univ.”>"* 0.02 1 0.02 0.1
Gamma 10 mirror, Univ. Tsukuba™ 0.1 15 50 10
LAPD afterglow, Univ. California Los Angeles””” 0.1 0.1 0.01 0.3
Phaedrus tandem mirror, Univ. Wisconsin”’ 0.2 3 0.6 1
Helcat, Univ. New Mexico”’ 1 1 0.02 0.1
PMFX, Princeton Plasma Physics Lab.” 1 1 0.02 0.1
C-2 device, Tri Alpha Energy”” 4 100 50 0.5
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applying biases of no more than £20V on electrodes located in the
end cells 70 cm away down and up the magnetic field lines. From the
operating pressure, the neutral density #, in this experiment is about
10 times the plasma density. Another relevant biasing experiment is
the one by Shinohara and Horii”® in a low-pressure radio-frequency
(RF) plasma (1 ~ 10'®cm ™). In this experiment, only a step potential
profile was applied to ring-electrodes and no attempt was made to
examine negative radial electric fields. Yet, it showed that applying a
single positive bias on a set of ring-electrodes leads to a uniform
increase of the floating potential within the radius of the innermost
biased electrode, that is to say that the part of the floating potential
radial profile within the innermost biased electrode is shifted up.
Floating potential about half the applied bias was measured (80 V for a
200V bias). Consistent with the change in the floating potential radial
profile, a localized positive radial electric field is formed. More impor-
tantly, Shinohara and Horii”® showed indirect evidence of mass differ-
ential confinement which is consistent with Ohkawa’s collisionless
separation scheme’” introduced in Sec. IT A and illustrated in Fig. 1(b).
Consistent with these results, localized positive radial electric fields
have been reported when positively biasing the inner electrode of a
two electrode set in a Q-machine.” In a similar configuration, negative
electric fields were produced with localized negative bias using emis-
sive electrodes.”® Still at low density (1011 cm ), Bardakov ef al. were
successful in creating the negative 1/r electric field needed for separa-
tion in the POMS-E concept [see Sec. IIB and Fig. 2(a)] using 13
ring-electrodes.”” Recently, Liziakin et al. showed that end-electrode
effectiveness to affect the potential increased with the electrodes’ area,
both in reflex' "’ and RF'"" discharges.

At high plasma density, Mase et al. demonstrated that the electric
field in the central cell of the 27 m long GAMMA 10 mirror experi-
ment could be varied both in strength and polarity (from —20 V/cm
to 175 V/cm) by applying kilovolt biases on end-electrodes positioned
in the end-cells of the machine.”” Similarly to Shinohara’s results at
lower density, Severn and Hershkowitz showed that a positive bias on
a ring-electrode leads to a uniform increase in the floating potential
within the radius of this electrode, which makes it possible to double
the electric field at the edge.”’ Still at high density (~10"cm?),
Tuszewski et al. recently measured that the potential imposed on elec-
trodes at one end of the 18 m long C-2 device is recovered at the other
end, indicating that potential is transmitted efficiently along the mag-
netic field lines going through the edge layer of this field reverse con-
figuration (FRC) plasma.”” It is worth noting here that the
interpretation of results obtained in mirror machines and FRCs is
made even more complex by the fact that plasma parameters (density,
magnetic field, and temperature) vary strongly along a given field line
in between end-electrodes.

The end-electrode biasing data with plasma parameters closest to
those required for plasma separation are arguably those obtained by
Gilmore et al. in the HelCat helicon plasma (n ~ 10'%) with a single
set of ring-electrodes.”” However, owing to the different scope of this
experiment (turbulence suppression), only data on the effect of a
global biasing of the electrodes set (all electrodes at the same bias) are
available. These results indicate little effect in the case of negative bias-
ing (as low as —16V).”” On the other hand, positive biasing up to
20V leads to a roughly uniform increase in the plasma potential for
radii smaller than the largest electrode radius.”” Similarly, imposing a
radial voltage drop of up to 150 V across a single set of ring-electrodes

scitation.org/journal/php

in an afterglow discharge of the Large Plasma Device has been shown
to lead to a progressive increase of the potential in the core region.”
These different results for positive biases are qualitatively consistent
with results at low density discussed earlier. Experiments at PMFX
with individual biasing of three ring-electrodes in similar plasma con-
ditions suggested that the plasma potential gradient may indeed follow
locally the potential imposed on the electrodes.”” However, this result
ought to be confirmed, if possible with symmetric boundary condi-
tions and a uniform magnetic field.

In summary, there seems to exist corroborating evidence across a
wide range of plasma density that biasing positively a ring-electrode
leads to a uniform increase in the plasma potential within this ring.
This can in turn be used to affect the positive radial electric field near
the radius of this ring. However, with the exception of the work by
Tsushima and coworkers””* and, to a lesser extent, by Koepke et al,”
the ability to combine multiple rings to tailor the electric field profile
throughout the plasma column has not yet been demonstrated. In
addition, while conclusive results have been obtained by Bardakov
et al. at low density,”’ the contrasting results obtained with negative
biases at higher densities by Gilmore et al.”’ on the one hand and Mase
et al.*” on the other hand bring into question the practicality of forming
negative electric fields (radial potential wells) in high density plasmas
using end-electrodes. The results from the study by Jassby © suggest
that electron emission at the electrodes may be important in this case.

C. Promising alternative perpendicular electric field
production scheme

As a substitute for end-electrode biasing, Fetterman and Fisch
suggested using waves to drive the E x B flow.'"” Here, the radial elec-
tric field is obtained as a result of the charge separation induced by the
injection of waves with azimuthal phase velocities in the plasma.'”
This field can in turn produce rotation.'”” This angular momentum
transfer between waves and particles is governed by wave-particle res-
onant conditions.'”*'"® For a wave with azimuthal mode number
I and an ion at radial position r with energy ¢ and guiding center
orbital angular momentum L = m,Qr%, the transfer of a quantum of
energy 0¢ = hw from the wave to the ion is associated with the trans-
fer of a quantum of angular momentum JL = fl from the wave to
this same ion. The classical ratio 6L/d¢ = I/w points to the use of
high I modes at low frequency.

While this control scheme has not been experimentally demon-
strated, it offers conceptual advantages over electrode biasing. In particu-
lar, the absence of electrodes in contact with the plasma is advantageous
for many reasons. Besides possible electrode oxidation or contamination,
contact between the electrodes and the plasma also leads to the presence
of neutrals as a result of particle recycling. This neutral fraction can in
turn favor the onset of the critical ionization phenomena,"l'1 which then
limits the practical plasma rotation velocity. Retiring the need for electro-
des by relying on wave driven cross-field flow would thus circumvent
this potential challenge. Another motivation to study this driving scheme
is that it holds significant promise beyond plasma separation. Indeed,
wave driven rotation has been suggested to confine particles in toroidal
geometry without the need for a poloidal magnetic field."””'*

IV. SUMMARY

There exist an increasing number of societal challenges for which
conventional separation techniques are either inefficient or suffer from
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significant downsides. In contrast, it has been shown that high-
throughput separation based on mass at the elemental level is uniquely
suited to address these needs. Plasma mass separation hence appears
to be a promising solution. Yet, these emerging needs stand out in that
they require separating elements with large mass differences at high-
throughput. Such capabilities are typically beyond those offered by
plasma separator concepts previously developed for isotope separation.
New concepts are therefore called for.

Crossed-field configurations offer many opportunities for mass
separation. In regimes where ions are magnetized, crossed-field config-
urations can in principle be designed to produce plasma rotation
through a suitable drift motion. Inertial effects associated with rotation
can then be used in various ways to separate elements based on mass.
Conversely, in regimes where ions are unmagnetized, the mass depen-
dent ion dynamics of ion beams injected in crossed-field configura-
tions can be used for mass separation. However, a key requirement in
any of these concepts is the ability to impose a suitable electric field
perpendicular to the magnetic field within the plasma.

An often suggested solution to impose and control an electric field
perpendicular to the magnetic field is to use biased end-electrodes.
However, the efficiency of this scheme relies, among other things, on the
perpendicular conductivity being negligible compared to parallel con-
ductivity. Yet, a comprehensive picture of the interplay between the vari-
ous phenomena driving perpendicular conductivity in crossed-field
configurations is still missing. Assessing the practicality of end-electrode
biasing for high-throughput plasma separation therefore remains beyond
present predictive capabilities. Nevertheless, past experimental results
obtained in different machines and operating conditions suggest that
end-electrodes can indeed, under some conditions, effectively create a
radially localized positive radial electric field in linear machines. It
remains though to demonstrate this capability unequivocally for plasma
parameters relevant to high-throughput plasma separation. Progress
toward this goal hinges on advancing our understanding of crossed-field
conductivity, both through experiments and theory.
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