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Ion Mix Can Invert Centrifugal Confinement
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Centrifugal plasma traps, in which plasma is confined partly by centrifugal forces, represent a possible
path to fusion energy production. In centrifugal plasma traps, electric fields naturally arise in the direction
parallel to the magnetic field in order to ensure quasineutrality. These electric fields are sensitive to the
particular mix of ion species present. This Letter uses analytic and numerical calculations to consider how
these mix effects could be used to improve device performance. Changing the composition of the plasma
can mix or demix different ion species, improve confinement of certain ions, and even expel certain species
from the trap altogether. This makes it possible to generate an “inverted centrifugal” end plug with very

promising properties.

DOI: 10.1103/q7f9-cc14

Introduction—In plasma traps of various kinds, electric
fields arise to enforce quasineutrality. These fields are
sometimes called ambipolar fields. In magnetized plasmas,
ambipolar fields are oriented parallel to the magnetic field
lines. They are particularly important in linear devices like
magnetic mirrors and centrifugal traps [1,2]. Linear traps
have been the subject of increasing interest in recent years,
both for nuclear fusion and for other applications (such as
nuclear waste processing and mass separation) [3—10].

There have been a number of proposals to improve the
performance of mirror-type configurations by manipulating
the configuration to affect these fields. One such concept is
the tandem mirror [3,11-13], in which a central cell is
placed between end-plug cells, with plasma density and
temperature in the end plugs chosen to engineer favorable
ambipolar fields for the confinement of the central plasma.
Another is the “sloshing” ion distribution, in which the
ambipolar field is modified by a population of high-energy
ions with a coherent turning point [2,7,14,15].

These ideas were developed for conventional (that is,
noncentrifugal) mirrors. For centrifugal mirrors, the
possibilities associated with these ambipolar fields have
been relatively understudied. Centrifugal traps—some-
times called centrifugal mirrors or rotating mirrors—
achieve parallel confinement using centrifugal forces. If
the magnetic field lines are arranged so that they bend
radially inward near the ends of the trap, the centrifugal
forces produce a confining effect along the field lines.
Rotation can be driven by superimposing approximately
axial magnetic fields with approximately radial electric
fields; the electric fields can be driven by electrodes, neutral
beams, or wave-particle interactions [9,16-20]. In this
Letter, we will consider the effects of ion species mix on
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ambipolar potentials in centrifugal traps. These mix effects
lead to surprising outcomes. Adding more of one species
can confine or deconfine other populations or can lead to
stratification effects in which different species are localized
at different locations along field lines. Even more surpris-
ing is that mix effects can also be used to establish a highly
advantageous centrifugal end plug, analogous to the end
plugs used in conventional mirrors but relying on a
different set of physical mechanisms. These effects suggest
exciting new possibilities for centrifugal mirror fusion,
among other applications.

Simple model—Consider a plasma centrifugal-mirror
system containing electrons and some number of ion
species. Consider the simple approximation in which the
longitudinal confinement is entirely due to (1) the centrifu-
gal potential and (2) the electrostatic potential. Suppose,
furthermore, that all species are Gibbs-distributed along
each field line. We will revisit these assumptions later in the
Letter. Note, for now, that they mean neglecting the loss cone
(that is, we take the centrifugal well to be substantially
deeper than the species’ thermal energies); they assume that
there are no other major nonthermal features, and they take
the plasma to be nonrelativistic. These assumptions also
mean that we are considering the interior region of the trap;
in the lower-density regions adjacent to where the magnetic
field impinges on the walls, sheath and presheath electric
fields are important and may not conform to the model used
here [9].

Keeping all of this in mind, for any species s, let the
density along a given field line be given by

4sAp A,
T, T, |

(1)

ng = Ny €Xp |:—

Here A¢ is the electrical potential difference, Ag, is the
centrifugal potential energy as it would be experienced by a
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proton, ¢, is the charge, u, is the particle mass (normalized
by the proton mass), and we have taken the temperature 7'
to be constant along the field line. ny, is a normalization
constant. A¢p and Ag, are both defined relative to some
reference point on the field line. In the quasineutral limit,

ne = Zzinia (2)

where the sum over i is over all ion species, the e subscript
refers to the electrons, and Z; = ¢;/e is the charge
normalized by the elementary charge.

Single-bulk-ion-species limit—If there is one bulk ion
species for which Z;n; greatly exceeds the charge-weighted
densities of all other ion species, then

n, ~7Zn;, (3)

so (taking the electron mass to be negligible),

6A¢ _ _Zi€A¢ _/ll'A§0C (4)
T, T; T,
Then
Ap=—| —— |uAp.,. 5
eAd (T,-—i—Z,-Tg)ﬂ’ P (5)

These expressions relate A¢ and Ag, only along a given
field line; cross-field variation of the potentials is important
for other purposes [21] but does not come into the
calculation here. Note that, if Z;> 1 and T; =T,, the
relationship between eA¢ and Ag, is set entirely by
the charge-to-mass ratio.

The single-bulk-species limit is already enough to see
some of the implications of the self-consistent fields.
Consider a plasma containing ion species a and b. If
Z.n, > Z,n, (i.e., if a is the bulk species), then the electric
field is set by Eq. (5) with i = a, and the distribution along
a field line is

N 1 Ha D@, (6)
e TSP T 2, (1T T )
In this limit, A¢ is set entirely by species a. A well in Ag,
always confines (attracts) species a, and a barrier in Ag,
always repels species a; the electrostatic field simply acts to
reduce the efficacy of these wells (local minima) or barriers
(maxima) by a factor of 1 + Z,(T,/T,).

If, on the other hand, Z,n, < Z,n, (i.e., if a is the trace
species), then the electric field is set by Eq. (5) for i = b,
and the distribution along a field line is

Za Te:ub A(pc
T,+2,T,)] T

ng = Ngo €Xp |:_ (ﬂa - (7)

a

The behavior of species a depends dramatically on the
quantity in parentheses. Species a is pushed away from
regions of lower Ag, if

T
e > /'ta . (8)
T,+7Z,T, Zu

For example, if T, = T, and if the bulk is fully ionized
boron-11, the reversal condition becomes

Ha 11
7 < 9)

This implies, among other things, that an isothermal
centrifugal well dominated everywhere by boron will
simply not confine protons. The possibilities associated
with this kind of reversal (whether for boron or for any
other ions) are one of the main subjects of this Letter.

More general particle mixes—Now consider the case in
which several ion species contribute to the shape of the
ambipolar potential. Take n, to be fixed. Then the problem
is to calculate the A¢ that solves

A Z.eA Ap,
neoexp[eT¢] = ZZin,-Oexp [—#—MT(/)‘ . (10)

We can parameterize the shape of A¢ by Ag,.. This may not
be analytically tractable, but it is numerically
straightforward.

For example, Fig. 1 shows the behavior of a plasma
containing protons and boron-11 for different relative
concentrations of the two ions. In the high-proton-fraction
limit, both species sit at the bottom of the well. As more
boron is added, the protons are pushed away. When parsing
these results, it is helpful to keep in mind that this model
has no notion of deconfinement; Eq. (10) represents the
limit of an infinitely deep potential well. In the high-boron-
fraction limit, the protons cannot be pushed out of the well;
instead, they bubble up in the potential well until they get to
a height where the boron no longer dominates and they can
be confined. Our intuition for a finite well should be that a
species can eventually be pushed out, not just pushed to
ever-higher potential.

A more subtle feature of Fig. 1 is that the boron is more
tightly bound to the bottom of the well in scenarios where it
is colocated with more protons. This is a general feature of
these ambipolar fields: if one ion species tends to produce
larger ambipolar electric fields than another, then higher
concentrations of the first species [i.e., the species with
higher m;/(Z; + 1)] result in worse confinement for both,
but higher concentrations of the second species result in
better confinement for both.

Consider, then, another example: a deuterium-tritium
plasma that is “doped” with a smaller fraction of protons.
Protons, with their high charge-to-mass ratio, tend to
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FIG. 1. Different distributions of protons and boron-11 along

a field line, with the field line position parameterized by
centrifugal potential A@,. (normalized by the temperature 7).
As the relative density of the protons drops, the self-consistent
ambipolar fields push them further outward (the top panel has
the highest boron concentration; the bottom panel has the
highest proton concentration). This example takes the ion and
electron temperatures to be equal. Note that the overall
normalization is arbitrary, so we could imagine the different
cases taking place at fixed total ion charge or fixed total ion
number. n,, and np, are defined as the proton and boron
densities at Ag,. = 0, respectively.
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FIG. 2. Introduction of a small fraction of protons can improve

the confinement of deuterium and tritium. The example without
screening has 50% deuterium and 50% tritium; the example with
screening has 10% protons, 45% deuterium, and 45% tritium
locally at the bottom of the well.

reduce the ambipolar fields wherever they are found. This is
illustrated in Fig. 2, where the introduction of a small
population of protons substantially improves the confine-
ment of deuterium and tritium in a centrifugal well. The
example in the figure introduces a relatively small proton
fraction; the effect on deuterium and tritium confinement
depends on the proton fraction per Egs. (1) and (2).

So, should deuterium-tritium centrifugal traps operate
with a small fraction of protons? The answer depends on
which factors limit the performance of the trap. The
introduction of protons allows the deuterium and tritium
to be confined at lower rotation speeds, which would
suggest that a pressure-limited device could operate at
higher plasma densities (the limits on the plasma pressure
are less stringent if the plasma rotates more slowly since the
magnetic field does not need to counteract such large
centrifugal forces [22]). Note that there will be some loss of
fuel density due to dilution; in the limiting case where all of
the fuel has been replaced by protons, the reactivity
vanishes altogether. In favorable scenarios (particularly
when the proton fraction is not too large) this can be more
than offset by the increase in overall plasma density; see
Fig. 2. However, the protons themselves are relatively
poorly confined in these scenarios. This downside might be
mitigated using the centrifugal end plugs proposed later in
this Letter.

The possibility of better parallel confinement addresses
one of the major challenges facing centrifugal traps: strong
centrifugal requirement requires fast rotation, and fast
rotation requires imposing large electric fields across the
magnetic flux surfaces. If the same confinement can be
achieved with smaller electric fields, then all of the
technical challenges associated with these large fields
become less severe.
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The same physical mechanisms discussed in the two
examples above can also be applied to a wide variety of
other problems. One of these is the physics of heavy
impurities. Because heavy impurities are often not fully
ionized, their charge-to-mass ratio can be particularly low.
This means that impurity accumulation has the potential to
worsen the longitudinal confinement of all other species.
Another straightforward application is plasma mass filters,
which are designed to separate an input of mixed ions
according to species [5,23-29]. If the composition of a
centrifugal trap can be tuned to confine or deconfine
different species according to mass and charge, the con-
figuration could be used for separations. Centrifugal
potentials can also be important in toroidal devices like
tokamaks. Distributions of different species along field
lines in toroidal devices are often studied using the same
analytic models employed here [30-32], and many of the
ideas suggested here could readily be applied to those
systems.

A novel end plug—Thus far, the discussion has focused
on the behavior of ions sitting in a centrifugal well: mixing,
demixing, confinement, and deconfinement. As we have
seen, there are scenarios in which a centrifugal well can
become repulsive to certain species, acting instead as a
potential barrier. For a single isolated well, this looks like a
failure of confinement. But one could just as well imagine
using two or more of these barriers to better confine some
central region—much in the same way that repulsive end
cells are used in conventional tandem mirrors.

For example, consider a population of protons. For
simplicity, take all species to have the same temperature.
If the protons are placed (without other ions) in a simple
centrifugal well with potential Ag,, they see a total
confining potential

1
A(pc—l—eAqb:EA(pC. (11)

This follows from Eq. (5). The confinement generally gets
worse if other ions are placed in the well alongside the
protons. However, suppose instead that the protons are
placed in a region between two centrifugal wells, each
populated with some other, lower charge-to-mass ratio ion,
say, 'Li. In the limit where the centrifugal wells are
populated entirely with lithium, the protons are repelled
from the wells, seeing a total potential of

Ap. + el = —ZA(pC. (12)
In other words, counterintuitively, for a given well depth
Ag,., it is more efficient for the purposes of proton
confinement to set up a barrier full of some other,
lower-Z/m species than it is to use that same Ag, as a
well to directly trap the protons. This is illustrated in Fig. 3;
the centrifugal wells in the figure correspond to the end

FIG. 3. Cartoon of a centrifugal end plug, in which a barrier
species (in this case, lithium) inverts the centrifugal potential in
two end regions in order to create a barrier for a central species (in
this case, hydrogen). The top panel shows the centrifugal
potential. The second panel shows the total (centrifugal plus
electrostatic) potential experienced by protons if only protons
occupy the centrifugal wells. The third and fourth panels show
the total potentials experienced by protons and lithium if the wells
are occupied by lithium.

plugs, with the region between the wells corresponding to
the central cell (see Supplemental Material [33]). In order to
easily maintain the different compositions in the different
segments of the trap, it would be important to make sure
that each species is sufficiently well trapped within its
intended region (as in the case in the figure). In some cases,
it might be helpful to ensure that the potential barrier
between the end cell and the exterior of the trap is weaker
than that between the end cell and central cell (for the end-
cell species), so end-cell ions diffuse out of the trap before
entering the central cell. One could make an even more
effective trap by placing the protons in a centrifugal well of
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their own and then flanking that well with end cells full of
another species.

This mechanism is particularly well suited to trapping
protons because of their high charge-to-mass ratio. For
other ions, it is often still possible to find another species
with a lower charge-to-mass ratio to use in an end plug.
However, there are also other ways to use the same
mechanism to trap relatively low-Z/m species.

One possibility is to use proton “doping” (as in the
example in Fig. 2) to improve the confinement of another
species in a well and then to use end cells to prevent the
protons themselves from becoming a serious loss channel.
This strategy appears to be quite broadly applicable, so
long as the application can tolerate the presence of a small
population of protons.

Another possibility is to use partially ionized species in
the end cell. For partially ionized species, the charge-to-
mass ratio can be very small, so an end cell populated by a
partially ionized species can in principle produce a very
strong barrier. For higher-temperature applications, there is
the challenge of how to maintain a lower ionization state
(and the radiative losses normally associated with partially
ionized species like tungsten in high-temperature plasmas).
A degree of thermal isolation between the main cell and the
end cells naturally arises if the end cells produce potential
barriers to repel main-cell ions, but the limits on how easily
a temperature difference might be maintained are left as an
open question. The “thermal barrier” concept for the end
cells of conventional (noncentrifugal) mirrors does rely on
maintaining a temperature difference between the end cell
and main cell, at least for the electron population [2,11].
However, it is substantially easier to maintain a difference
in electron temperatures than in ion temperatures. Of
course, in the limit of very low barrier species charge-to-
mass ratio, it would be important to maintain a large
enough magnetic field in the end cells to maintain
perpendicular confinement.

Discussion—Surprising and unexplored phenomena
occur in centrifugal traps with mixtures of ion species.
Changing the ion composition can cause different species
to mix or demix in different parts of the trap. For any given
species, it can also improve or degrade the trap’s confine-
ment properties, even to the point that a centrifugal well can
invert to become a barrier.

Each of these effects opens up an array of possibilities in
applications ranging from controlled fusion to mass filters.
Our hope in this Letter is not to fully explore these
possibilities but to identify a class of very curious and
potentially useful effects in multispecies rotating plasma.

The model used here comes with a number of assump-
tions. First, and perhaps most importantly, we take each
species to be Gibbs-distributed along field lines. This
assumption is examined in further detail in the End
Matter. Kinetically, it is equivalent to the assumption that
the velocity distribution at the midplane is Maxwellian.

This requires that the plasma be deeply (centrifugally)
trapped, so loss regions do not significantly modify the
kinetics. It also requires that no other major nonthermal
features are present. This assumption would fail, for
example, in the presence of a large “sloshing” population
of beam ions. However, it is consistent with experimental
observations in the literature [32,34]. The same assumption
also takes the plasma to be nonrelativistic. At high temper-
atures (i.e., T, approaching 511 keV), relativistic effects
become important [35].

Second, the assumption of quasineutrality is safe only in
the core of the plasma. Near the boundaries of the plasma,
there are sheath regions in which quasineutrality fails. This is
true in both conventional mirrors [1,36-38] and centrifugal
traps [9,22,39]. These sheaths are necessary in order to
understand the relationship between the model used in this
Letter and the treatments of self-consistent electric fields
found elsewhere in the literature. It is common to calculate
the total voltage drop across the plasma by equating the ion
and electron particle loss rates, the idea being that the plasma
will charge positive until these rates balance. The sheaths
explain how the total voltage drop required by matching loss
rates can be consistent with the local voltage profile predicted
by quasineutrality. A more detailed treatment of the sheaths
could be desirable in order to apply these ideas to devices
like fusion thrusters. For example, in a deuterium-tritium
rocket, tritium may be much more valuable to retain than
deuterium. The quasineutrality assumption means that much
of the analysis presented here would not apply as written to
non-neutral traps like those sometimes used to contain
antimatter [40—42]. However, one can anticipate adapting
many of the underlying ideas to those applications—
particularly the use of one species to generate fields that
trap another species.

How these results are modified in other cases is largely
left for future work. However, some of the physics
described here is more general than the model would
suggest. Equations (4) and (5), and much of the following
discussion, apply any time the density distribution of each
species along a field line is a function of the Gibbs factor
alone. This is also true, for example, of the truncated-
Maxwellian loss-cone model discussed in the End Matter.

The ideas presented here would also apply to forces other
than centrifugal forces. Ponderomotive forces have been
proposed for various uses in plasma traps [43—45]; these
forces can have various mass and charge dependences,
depending on the polarization of the fields. The same
analysis would also apply to gravitational forces. Indeed,
the mechanisms described here are closely related to effects
that have been noted in the astrophysics literature in which
protons can be expelled from stars, depending on the stars’
compositions [46,47]. Other forces would appear in the
Gibbs factor in Eq. (1), consistent with a zero-current force
balance. However, the most immediate application is
a new way of end-plugging centrifugal mirror machines.
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Centrifugal mirrors have advantages over their conven-
tional counterparts, both in terms of confinement and in
terms of stability [22,23,34,48-50]. If the techniques
proposed in this Letter can further improve the performance
of centrifugal mirror traps, the upside potential could be
significant.
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End Matter

More general distributions—The Kinetic distribution
of particles may not always be Maxwellian. Consider
some more general distribution f(e, ) in constants-of-
motion space, where ¢ is the particle energy and u is the
magnetic moment. The spatial distribution along a field
line with midplane distribution f(e,u) can be calculated
as follows:

)= [ [ e e (A1)
/ / 47rBf e, p)de (A2)
Bu+U \/2(e — uB — U

Here U is the total potential for the species at point r
(including centrifugal and electrostatic parts); /g is
the usual Jacobian volume factor for the change of
coordinates between constants of motion at the midplane
and at r; and B is the local strength of the magnetic field.

Consider the case where B is constant along a field line.
Practically, in a mirrorlike configuration this would require
internal shaping coils to be achieved. Configurations with
inner coils are of significant interest [22,39,52]; for present

purposes, they have the advantage of analytic simplicity. In
this case,

(A3)

/ /oo 4nBf( ;l /,l)dé‘H

Here ¢ is the parallel component of the energy. Let

e = [ aufley.n). (A%)
Then, taking B = const,
n(r) = 4z [ gle))de (A5)

V2 Ju e -U’

Suppose particles are lost if they get past some maximal
energetic barrier height ¢,,,. Different analytic models
for loss-cone distributions in low-collisionality plasmas
exist [53], but one straightforward choice is to model the
distribution as a “truncated Maxwellian,” with
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FIG. 4. Spatial density distributions truncated at different
levels, with space parameterized by the local potential energy
(including centrifugal and electrostatic parts).

9(8\\) - Ae_EH/TG(gmax - eH)v (A6)

where © is the Heaviside step function. Then, taking
U < €pax»

o 47[A Emax e_SH/Tdé'H

N £ _ = A7
=75 | =g (A7)
— 93/2._3/2 A71/2 ,~U/T Emax — U
= 2232 ATV 2= U/ Terf | (A8)

If n(ry) =ny at the midplane location ry, and if
U(ry) = U,, then (taking T to be constant),

n(r) = nge~(V-vo)/T erf /(eman = U)/T (A9)
erf (emax - Uo)/T

These density distributions are plotted in Fig. 4. The
corrections to the density distribution relative to the
untruncated Maxwellian are relatively mild for €., = 3.

In order to get a sense of the effects of truncation on the
results discussed in this Letter, we can redo the numerical
calculation of proton and boron-11 distributions shown in
Fig. 4. The version using truncated distributions is shown in
Fig. 5. In the cases shown in the figure, all species are
truncated at 47. There is some visible distortion of the
curves relative to their behavior without truncation, but the
end results are qualitatively very similar.

In principle, the particle loss conditions (and therefore
the truncation thresholds) should be modified by the
appearance of sheath or presheath fields at the edges of
the device. The results shown in Fig. 5 are not the last word
on the issue, but they suggest that the behavior of n(r) is
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FIG. 5. Different distributions of protons and boron-11 along a
field line, much the same as is shown in Fig. 1. However, where
the distributions in Fig. 1 assume that the particles are Gibbs-
distributed along field lines, the distributions used here instead
assume truncated Maxwellian distributions, with a cutoff at 47

reasonably robust against the effects of loss cones, so long
as particles are reasonably well trapped.

This same formalism can also be used to illustrate cases
in which nonthermal features do play a major role.
Consider, for example, a beam population with midplane
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kinetic distribution,

S beam (5’ :“) = 0{5(/4 - ﬁ)é(s - é)’ (AIO)
for some constants a, ji, and £. The resulting spatial density
distribution would be

4raB
V2(E—pB-U)’

The spatial distribution is peaked because the particles have
a coherent turning point. Quasineutrality would require a
corresponding peak in the electrostatic potential. Features
in the electrostatic potential that are driven by this kind of
nonthermal structure need not correspond to any particular
features in the centrifugal potential. Such features will
tend to distinguish between ion species based on charge
rather than charge-to-mass ratio, which raises a variety of

(Al1)

Npeam =

interesting possibilities. We leave a more complete study of
various nonthermal distributions and their implications to
future work.

Note that distributions of the form f(e,u) implicitly
assume a low-collisionality regime where y invariance is
respected (e.g., over the course of many bounces). The
analysis in the main body of this Letter would apply
whether the plasma is collisional or not. When we discuss
nonconstant temperatures, in the low-collisionality limit we
typically have in mind multiple potential wells where the
trapped populations in each well may have different
characteristic energies. It is also worth pointing out that
even in the “collisionless” limit (where the collision time is
long compared with the bounce time), collisions may still
encourage f to be more nearly Maxwellian, if the collision
time is short compared with the confinement time. This is
part of the reason why it makes sense to focus on near-
Maxwellian models.
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