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ABSTRACT

In contrast to single-ion plasma, multiple-ion-species plasma exhibits new, curious, and large transport effects. On short timescales, where
ions exchange momentum, magnetized multi-ion plasma behaves as a most unusual substance, compressible across field lines in number den-
sity but incompressible in charge density. It takes 40 times longer for electrons to participate. In this ion-ion cross-field transport regime, we
identified the charge-incompressibility heat pump effect, transferring heat both spatially and between species. Curiously, the direction of
impurity transport strongly depends on plasma magnetization, characterized by the ratio of light ion gyrofrequency to the collision frequency
between light and heavy ion species. The expulsion of heavy ion impurities from a hotspot occurs sufficiently quickly to be observable on
MaglLIF, so long as plasma becomes sufficiently collisionally magnetized under implosion. Even more curious, multi-ion transport changes its
nature in partially ionized plasma, where ions occupy different charge states. In this regime, we identify a partial-ionization deconfinement
effect. The combination of cross-field transport, ionization, and recombination leads to a net ion charge moving across magnetic field lines
on the ion-ion transport timescale as opposed to the electron-ion transport timescale. Cross-field transport effects in multi-ion plasma are
important in a number of applications, including nuclear fusion and plasma mass filters.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0227736

I. INTRODUCTION

Plasma is a rich medium that allows many degrees of freedom
and types of interactions, stemming, in part, from the fact that plasma
is generally comprised of both positively and negatively charged spe-
cies. However, for plasma consisting of multiple ion species, even more
degrees of freedom and, with that, even more possibilities for new phe-
nomena are opened up. In particular, this richness of physics shows up
in cross-field transport in magnetized plasma.

Here, we analyze and present several new and curious transport
effects in multi-ion, magnetized plasma, focusing on several effects
recently uncovered by us.' * These fundamental effects can be mani-

First, observe that it is hard to push charge across magnetic field
lines. Canonical momentum mv + gA conservation implies that in
order to push charge across field lines, an input of momentum is
required (here, m is the particle mass, g is the charge, v is the velocity,
and A is the magnetic vector potential). If there is no input of momen-
tum in a given process (for example, in a collision), then net charge is
not pushed across the magnetic field.

Second, observe the following: if plasma is comprised of dif-
ferent species, then different species may react differently to an
external stimulus, be it an imposed potential, a temperature gradi-
ent, or a density gradient, at different timescales. Therefore, plasma
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fested within a wide range of laboratory plasmas, from tokamaks and
mirror machines to Z-pinches. Here, we explore the commonalities of
these curious, multi-ion transport effects, providing an overarching
and didactic perspective. Additionally, we propose how these effects
might be observed in laboratory settings.

There are three key observations to be made that can help us to
understand cross-field transport in multi-ion magnetized plasmas:

allows timescale separation, in which some species react to that
external stimulus while other species do not react. In particular, in
the case of cross-field transport, the friction force between differ-
ent species is crucial. For plasma far out of thermodynamic equi-
librium, the ion-ion friction force tends to be much larger than
the electron-ion friction force, so multi-ion transport processes
tend to dominate.

Phys. Plasmas 31, 112303 (2024); doi: 10.1063/5.0227736
© Author(s) 2024

31, 1123031


https://doi.org/10.1063/5.0227736
https://doi.org/10.1063/5.0227736
https://doi.org/10.1063/5.0227736
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0227736
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0227736&domain=pdf&date_stamp=2024-11-21
https://orcid.org/0000-0003-4300-3941
https://orcid.org/0000-0002-0301-7380
mailto:mmlodik@princeton.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0227736
pubs.aip.org/aip/php

Physics of Plasmas

Third, observe that plasma has a peculiar response to temperature
gradients, owing to the scaling of collision frequency with velocity in
plasma.”  This response can be understood by looking at a heavy test
particle in the following way. In unmagnetized plasma, particles com-
ing from a hotter region collide less with the test particle than particles
coming from a colder region, resulting in a thermal force which pushes
the test particle toward the hotter region. In other areas of physics, this
is known as the Nernst effect. In magnetized plasma, the thermal force
is perpendicular to both the temperature gradient and the direction of
the magnetic field. In turn, this thermal force in magnetized plasma
leads to F x B drift, which pushes a test particle toward the colder
region. There is also an Onsager-symmetric counterpart to the thermal
force, which is called the Ettingshausen effect. Colder particles collide
more frequently than do hotter particles. Therefore, for plasma nearly
in local temperature equilibration, if there is a particle flux driven by
collisions, then it would be disproportionately a flux of cold particles,
which appears as a heat flux in the opposite direction.

Taken together, these observations will be instrumental in catego-
rizing and understanding multi-ion transport in magnetized plasma in
a variety of plasma regimes and in a variety of applications. It is the
objective here to explore how these observations play a role in uncov-
ering a number of very curious and new effects.

The paper is organized as follows. In Sec. I, equilibrium in fully
ionized, fully magnetized plasma is considered and heat pump effect is
shown. In Sec. I1I, partially magnetized plasma is considered and pinch
reversal effect is shown. In Sec. [V, possible experiments to validate the
pinch effect are discussed. In Sec. V, plasma with ions in multiple
charge states is considered and a partial-ionization deconfinement
effect is shown. Section VI provides a summary and discussion of vari-
ous approaches to the study of multi-ion transport effects, as well as
future directions which may help to uncover even more multi-ion
transport effects.

Il. GENERALIZED PINCH EQUILIBRIUM. HEAT PUMP
EFFECT

Cross-field transport has different properties depending on what
kind of plasma is considered. In this section, we look at the basic sce-
nario of fully ionized and magnetized plasma. In subsequent sections,
we relax these assumptions and identify how the transport behavior
changes.

Suppose that there is a magnetized plasma slab, with uniform
magnetic field in the z-direction, and all the gradients in the x-direc-
tion, as depicted in Fig. 1. Then, cross-field transport in the x-direction
is equivalent to an F x B drift generated by the forces acting in the
y-direction. Note that the larger the force is, the larger the particle flux
corresponding to the force is too. There are only a few forces acting in
the y-direction if all the gradients are in the x-direction. Both ion-ion
and electron-ion friction forces are examples of those forces. Note
that, if the plasma is far from thermodynamic equilibrium, then in
general, the ion-ion friction force is much larger than electron-ion
friction force. Therefore, the ion—ion cross-field transport timescale is
much faster than the electron-ion cross-field transport timescale,
Tiieq/ Teieq = O((1/Zi)\/me/mi, B) < 1, electrons move across mag-
netic field lines much less than ions on the ion-ion transport timescale,
and net ion charge density is approximately conserved, if plasma
B=nT/(B*/(214y)) < 1. Here, m; is the mass of species s, Z; is the
charge state of ion species i, n is the plasma number density, T is the
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FIG. 1. The cause of ion cross-field transport. Change in g leads to the difference in
ion drift velocities, which produces frictional drift in vertical direction. lons with higher
m/Z (red) move toward the bottom, while ions with lower m/Z (blue) move to the
top. Note that there is no net ion charge motion across field lines. Difference in ion
drift velocities also makes heat flux to appear (Ettingshausen effect).

plasma temperature, B is the magnetic field strength, and g, is the vac-
uum permeability.

This timescale separation means that the ion density profiles
equilibrate between themselves faster than with electrons. In the
absence of any temperature gradient, equilibrium between ion species
requires’

(nae%/T)l/Z,. o (nbed)b/T)l/Zh, (1)

where ®; is the potential energy of an ion of species s, 7, is the density
of species s, and Z; is the charge of species s. ®; can include any poten-
tials present in the system, including electrostatic, gravitational, and
centrifugal potentials. Behavior of this kind has been predicted and
observed in a variety of contexts.”” > These density relations are called
generalized pinch relations. They have the following properties. First, if
®, = @, =0, then higher-Z species are concentrated (“pinched”)
very strongly in the highest-density region of the plasma, satisfying
ny o n’/% Second, relations in Eq. (1) are satisfied for pair of species
b — c if they are satisfied for pairs a — b and a — ¢, so the generalized
pinch relations possess transitivity. Interestingly, the generalized pinch
relations are the maximum-entropy state of the plasma subject to the
constraints that only species that obey the relations can move across
magnetic field lines on a given timescale and that cross-field transport
does not move net charge across field lines.”**” And, last but not least,
if there are k ion species in the plasma, Eq. (1) provides k — 1 con-
straints. In order to determine actual densities of plasma constituents,
another constraint is needed. Therefore, density profiles that satisfy
generalized pinch relations can look quite different. One solution to
Eq. (1) is Gibbs equilibrium, 75 oc exp(—®;/T) for all species s.
Another solution that satisfies generalized pinch relations is the
following. Suppose that the potential @, in Eq. (1), such as a centrifugal
potential, changes. Then, on the ion-ion transport timescale, electron
density does not change, while ion densities change until they equili-
brate with each other and can be described by generalized pinch rela-
tions. In this case, electron density is approximately conserved on the
ion-jon transport timescale. Net ion charge density is approximately
conserved too because of plasma quasineutrality. Combined together,
this results in ion separation on the ion-ion transport timescale. This
ion separation is not the only thing that happens to plasma if the
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potential @ is changed. Net ion density can change even though net
ion charge density is conserved, so the plasma is heated in some places
and cooled in the other places. Note, however, that cross-field particle
flux is accompanied by heat flux (Ettingshausen effect), because cold
ions move across magnetic field lines more easily than hot ions. These
two processes have the same scaling, and the net result usually is that
the region of plasma where high-Z ions move to gets heated and the
right where low-Z ions move to gets cooled. The amount of heating is
proportional to the change in potential energy and is a fraction of it
(see Ref. 1 for details). This effect of redistribution of heat within
plasma due to multi-ion cross-field transport is called heat pump effect
in magnetized plasma.

One potential area of application of this effect is plasma mass fil-
ters, devices designed to separate ion species based on their
mass. 72"2?¢30 41 However, other multi-ion cross-field transport
effects are applicable to even more kinds of plasma. We will explore
them in the subsequent sections.

I1l. PARTIAL MAGNETIZATION. PINCH REVERSAL
EFFECT

The plasma response to a species-dependent external force F in
the direction perpendicular to magnetic field B depends on the
strength of the magnetic field. There are two dimensionless parameters
that govern the type of the response of species s to that force, namely,
Larmor magnetization p,/L and collisional magnetization Q/v;.
Here, p, is the Larmor radius of species s, L is the characteristic length
scale in the direction perpendicular to the magnetic field, Qs is the
gyrofrequency of species s, and v is the collision frequency of species
s. In the case when plasma is unmagnetized (p,/L > 1, Q,/v; < 1),
the response to an external force is acceleration, ie., du;/dt o< F,
where u; is the flow velocity of species s, d;/dt = 0/0t +u, - V. In
the case when plasma is magnetized (p,/L < 1, Q/v; > 1), the
response of species s to an external force is drift velocity, ie.,
u, = F x B/(q,;B?).

There is a subtlety with what collision frequency to choose. If
there is a large mass disparity between two species a and b such that
m, << my, then the correct Hall parameter for the purpose of multi-
ion transport is Q, /4. More generally, in the case of large mass dis-
parity between ions, the ion-ion transport coefficients can be inferred
from the electron-ion transport coefficients with the substitutions
Z — (mpZ2)/(n,Z%) and ot — Q,/vap, where ot is the electron
Hall parameter and Z is the effective ion charge for the purpose of
electron—ion transport. Note that recently there have been develop-
ments in accurate determination of electron-ion transport coeffi-
cients."”

Timescale separation works slightly differently in partially mag-
netized plasma as opposed to magnetized plasma. If plasma is colli-
sionally unmagnetized but Q, > v,;, then the multi-ion transport
timescale scales like 74,9 o VgL /3, ;, while the electron-ion trans-
port timescale scales like 7o ey 0 (QF /vie)(L?/V2,;), where vy, ; is the
ion thermal velocity, v,; = Ve, + Ve is the collision frequency of elec-
trons with all kinds of ions, and L is the characteristic length scale per-
pendicular to the magnetic field. Therefore, the timescale separation
described in Sec. II occurs in partially magnetized plasma if
(Qu/Vub)(Qe/Vei) > L

In partially magnetized plasma, the relationship between ion
densities in equilibrium (in the absence of additional external poten-
tials @) is
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FIG. 2. Time history of MagLIF implosion from plasma magnetization standpoint. In
the beginning, plasma is collisionally unmagnetized. As implosion progresses,
plasma gets more magnetized, becoming collisionally magnetized around stagna-
tion. The reaction of heavy impurity ions to radial temperature gradient switches,
resulting in expulsion from the hotspot around stagnation.

i(n_;_‘_ﬂ):i(n_;_kﬂ_‘_)uﬂ). (2)
Zb Ny Tb Za Ny Tu Ta

Here, / is the temperature screening coefficient and is a function of
Q,/Vap. This equation is accurate up to first order in &'(m,/m;) and
0((Z,m,)/(Zymyp)). Note that A is positive if Q,/v, < 1 and
approaches —3/2 as Q, /v, becomes large.

Figure 2 shows the transition between different magnetization
regimes which happens during a MagLIF implosion. Note that during
a Z-pinch implosion ion Hall parameter increases, and plasma
becomes more magnetized. Depending on implosion parameters, it is
possible for / to change sign and for the tendency of high-mass impu-
rities to concentrate to reverse. In particular, a MagLIF implosion is an
example of a plasma where this effect can take place. Following Ref. 2,
if plasma parameters at stagnation BR = 0.2MG - cm, r = 60 um
(which corresponds to B = 3.3KkT), fuel density is pR = 0.4 g/cm?,
T; = 2.6 keV are considered, then the ion Hall parameter is such that
plasma is close to being collisionally magnetized, and collisional trans-
port timescale is comparable to the burn time. In particular, if
ng, = 0.01np, then Qp /vp g, = 3.75 and 1g,p g = 3.7 ns. The multi-
ion radial transport timescale is comparable to the burn time (~2 ns)
and is much smaller than the implosion timescale (~100 #s), so signifi-
cant impurity transport can be expected to occur. The following sec-
tion describes how to construct a plasma to be able to observe this
pinch reversal effect experimentally.

IV. POSSIBLE EXPERIMENTS

In this section, we show a potential avenue for experimental test-
ing of the pinch reversal effect. In fusion devices, it is typically advanta-
geous to concentrate fuel ions in the hot core of the plasma and to
flush out impurities and fusion products.'**** For example, impurity
transport is of interest in MagLIF.””" MagLIF, a large magnetized
Z-pinch, features an axial B field, with deuterium plasma heated in the
center by a laser and compressed by applying a large current to the
beryllium liner. In Sec. III, it was identified that ion density profiles
evolve sufficiently fast for radial impurity transport to be significant
around stagnation on MagLIF, leading to expulsion of heavy ion impu-
rities from the hotspot as long as plasma becomes sufficiently collision-
ally magnetized during the implosion, although, in insufficiently

Phys. Plasmas 31, 112303 (2024); doi: 10.1063/5.0227736
© Author(s) 2024

31, 112303-3

LF:0LEL $Z0T JOQUIBAON LT


pubs.aip.org/aip/php

Physics of Plasmas

magnetized plasma, the transport effect is reversed. Thus, trace H ions
were used on Omega laser facility (unmagnetized) to increase the con-
centration of DT fuel in the hotspot and reduce demixing of fuel, as
heavier ions tend to concentrate in the high-T region of plasma.”
However, the effect would be opposite in partially magnetized or colli-
sionally magnetized plasma. In that case, the use of H ions would
unfortunately lead to increasing fuel concentration in the low-T region
of plasma, and heavy ions should be used instead. For similar reasons,
using trace high-Z ions to track impurity transport in MagLIF™ can
make qualitatively incorrect predictions if impurities are present in suf-
ficiently large concentrations.

Thus, the reversal of the radial impurity transport effect is a fun-
damental problem of high practical impact, with subtle features. The
direction of radial transport depends on the degree of collisionality of
multiple ion species (not all of which are collisional to the same
degree), the degree of ionization, and the degree of magnetization. It
can reverse direction just on the basis of impurity concentration.
However, this multi-ion transport theory has not yet been tested. It is
thus an interesting research direction to demonstrate and identify the
thresholds for this sign reversal.

A. Suggested experimental strategy

Impurities tend to concentrate in regions of plasma according to
change of sign of impurity transport with ion Hall parameter Q, /v/4.
When plasma is collisionally magnetized (i.e., Q,/vg, > 1, where a is
a bulk ion species and b is a heavy impurity ion species), impurity ions
tend to concentrate in colder, denser regions of plasma. When plasma
is collisionally unmagnetized (i.e., Q,/v, < 1, where a is a bulk ion
species and b are heavy impurity ions), impurity ions tend to concen-
trate in hotter, denser regions. Quantitative predictions of the impurity
transport reversal effect require ion mass disparity, i.e., m, < m;. The
multi-ion transport timescale 745, should be sufficiently fast com-
pared to implosion time 7;,, at least at some point during the implo-
sion. Aside from that, a strategy to have ions sample variety of ion Hall
parameter Q, /v, values is required, which is possible by using one of
the following strategies.

One way to observe the effect would be to use two different impu-
rities. If impurity species b is collisionally unmagnetized Q, /v, < 1,
impurity species ¢ is in trace quantity such that Q,/v,, > 1, and
transport timescales are sufficiently fast, ie, Tapeq < Timp and
MiN(Tyc,eq, Toeeq) < Timp> impurity b will concentrate in the hotter
region of plasma while impurity ¢ will concentrate in the colder
regions. Another way to observe the effect would be to vary impurity
density. If the impurity is in trace concentration, the relevant ion Hall
parameter is guaranteed to be Q, /v, > 1, i.e., impurity ions are colli-
sionally magnetized and concentrated in colder regions of plasma. If
the impurity is in large concentration, the effect is reversed, even if all
the other parameters (such as the current going through the system
and the ion temperature) are the same. Yet another way to observe the
effect is to have such experimental parameters that the ion Hall param-
eter increases from Q,/va < 1 to Q, /v > 1 during the compres-
sion, as in MagLIF.” Impurity ions would initially concentrate in
hotter parts of plasma and then move to colder parts of plasma during
compression.

In order to see the impurity transport reversal effect, plasma
parameters should satisfy the following conditions: one, small ion
Larmor orbits, ie., p;/r < 1; two, collisionally magnetized electrons,
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TABLE I. Expressions are normalized by the values similar to initial compression at
a Weizmann Institute Z-pinch experiment (oxygen, species a), assuming the pres-
ence of trace heavy impurity species b. That is, the temperatures T, T, are normal-
ized to 10V, densities ny to 10" cm =2, n, to 10'® cm =2, mass numbers A, and A,
to 16, charge states Z, and Z,, to 4, rto 1mm, B to 1T, and the Coulomb logarithms
to 5. Multi-ion transport timescale, electron and ion Hall parameters are presented in
the case of trace heavy impurity.

Quantity Normalized expression
Larmor 1.02 T;/zAé/z
magnetization p, /r T ZuBr

T/B
e Hall 0.095 e
parameter Q. /v, ZaneIn (Agy)

9.71 x 1073 ooy n(Aay)

5/2
Transport " Tu/
timescale T, AGAy / Qi
1 X | —— 1+—57]s
A, + Ay Vi,
Ton Hall 464 % 10- Ts/zB AsAp -1/
parameter Q, /g ’ ZoZinp In(Agp) \Aa + Ap

ie, Q. /vy > 1; and, three, ion Hall parameter Q, /v, <1 at some
points and Q, /v, = 1 at other points. The difference can be either for
different impurities or for different densities of the same impurity or at
different times in the same implosion.

Relevant plasma parameters are summarized in Table 1. Well-
diagnosed implosion experiments like those undertaken at the
Weizmann Institute might provide possible venues for pursuing these
strategies.”” " These conditions need not be satisfied at all times dur-
ing the implosion, but should be simultaneously satisfied at least at
some point to observe the variation of impurity density over the length
scale . The condition on the multi-ion transport timescale can be
somewhat relaxed if it is enough to observe the tendency of impurity
ions to move radially in or out. However, in that case the size of the
effect is going to be proportional to Tjyy,/Tap,eq- In order to observe the
difference between two impurities of different species, ion Hall param-
eter should be less than 1 for one impurity species and more than 1 for
another impurity species. In practice, it can be done by having one of
the impurity species to be at low density (as low as observation capabil-
ities allow).

Observing radial collisional transport will be easier at stagnation
or late in the compression phase rather than early in the compression
phase due to the following consideration. Suppose for simplicity that
the implosion obeys uniform radial compression with convergence
ratio C = ry/r of a cylindrical plasma column which has adiabatic
index 7. Then plasma parameters in the fuel have the following scaling:
noc C, T oc /="' oc C207), B oc C2. Gyrofrequencies and collisional
frequencies have Q, o« C? and vy o n/T?? ox C>~37 scaling, respec-
tively. Dimensionless parameters that characterize magnetization in
various ways have the following scalings: f o< nT/B* oc C20=2),
Qu/vap < CUD p /1 oc TV2B~ 171 oc €772, As such, the plasma
becomes more collisionally magnetized during the implosion. In the
collisionally unmagnetized plasma limit t,,¢y o ?v/g/v2, o0 3071,
in the collisionally magnetized plasma limit 7gpe x 7%/
(vasp?) x G,
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Collisional radial transport of heavy impurities in a Z-pinch
implosion occurs in stages. Initially, even after the axial magnetic field
is applied, the plasma is still collisionally unmagnetized (Q, /v < 1)
and the transport timescale 7, ¢, is too slow compared to the implo-
sion time for collisional multi-ion transport to dominate. Then, as the
implosion progresses, Ty, drops dramatically (oc C~1%/3 if y = 5/3).
Therefore, impurities start to be drawn into the hotspot due to temper-
ature gradients and expelled from the hotspot due to density gradients.
Then, when plasma becomes partially magnetized and, afterward, col-
lisionally magnetized, the generalized pinch effect flips sign. Therefore,
heavy ion impurities are expelled from the hotspot both due to tem-
perature and density gradients, as the hotspot is both hotter and less
dense than the surrounding plasma. The ion-ion transport timescale is
sufficiently fast for the impurities to be expelled. After that, 74 ¢4 starts
to increase. Hence, signatures of multi-ion collisional transport will be
most prominent at stagnation.

V. PARTIAL-IONIZATION DECONFINEMENT EFFECT

Plasma where ions can be in multiple charge states exhibits yet
another kind of transport behavior. For the purpose of multi-ion trans-
port it can be treated as a combination of interacting fluids, each fluid
being a collection of ions in a given charge state. These fluids can trans-
form into one another via ionization or recombination. Therefore,
each charge state fluid is evolving on both the ionization-recombina-
tion timescale and on the transport timescale. Once combined, these
processes lead to the following effect, which is uniquely peculiar to par-
tially ionized plasma. The difference is captured in Fig. 3.
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FIG. 3. Transport in fully ionized and partially ionized plasma. In fully ionized
plasma (i) imbalance in flow velocities leads to ion-ion friction and corresponding
cross-field transport. Due to this process ion densities adjust as to relax the differ-
ence of flow velocities. In partially ionized plasma (i), once ions in a charge state
move across field lines due to ion-ion friction, they ionize or recombine in order to
maintain local charge state equilibrium. Consequently, densities of ion fluids are no
longer independent. Because the drift velocities are thus constrained, the plasma
must move as a whole.
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FIG. 4. Sedimentation in partially ionized plasma.

Suppose that a plasma slab is acted upon by an external force.
Then, the equilibration process, which is depicted in Fig. 4, proceeds as
follows. ITons in different charge states initially have different drift
velocities. Therefore, when the ions in different charge states undergo
elastic collisions, they change their position (first process in Fig. 4).
After these ions move across magnetic field lines, they find themselves
out of local charge state equilibrium. Therefore, some additional ioni-
zation or recombination happens to bring the plasma back to charge
state equilibrium. However, because one process conserves net ion
charge density, and another process conserves ion density, the net
effect is that the plasma moves as a whole across magnetic field lines.
This interplay is the partial-ionization deconfinement effect. It hap-
pens on the ion-ion transport timescale, which is &(+/m;/m,) faster
than the deconfinement of fully ionized plasma, which in turn happens
on the electron-ion transport timescale.

The partial-ionization deconfinement effect highlights the impor-
tance of treating each charge state separately. The combination of ioni-
zation, recombination, and cross-field transport allows for a new kind
of plasma behavior, which would be impossible if only one of these
mechanisms were present in the plasma.

Additionally, the partial-ionization deconfinement effect provides
a first step toward a first-principle description of plasma transport
when multiple charge states are allowed. Transitions between multiple
charge states, coupled with cross-field transport, could change the
nature of transport yet again, which would be of great interest to all
kinds of laboratory plasmas where high-Z impurities are present.

VI. CONCLUSIONS

Plasma, due to its nature, allows rich physics. When multiple ion
species are taken into account, new effects can be uncovered. In this
paper, a few of these effects are highlighted. The first of them is a heat
pump effect, which happens in fully ionized and magnetized plasma
when an external (e.g., centrifugal) potential is applied to the plasma.
The second is the pinch reversal effect, a change in the direction of
cross-field heavy impurity transport in a Z-pinch in the later stages of
implosion as plasma becomes collisionally magnetized. The third is the
partial-ionization deconfinement effect, which shows that the interplay
between cross-field transport, ionization, and recombination can lead
to motion of plasma across magnetic field lines if there are ions in dif-
ferent charge states. Although a multitude of effects is described in this
paper, the list of effects in this paragraph is not exhaustive. Because the
phenomena described in this paper are inherent to plasma with multi-
ple ion species, they provide an incentive to develop multi-ion fluid
codes such as MITNS.”"
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Another interesting observation is that multi-ion transport effects
can be studied using at least two different approaches. One of them is
to start with multi-fluid equations and analyze them. The effects dis-
cussed in this paper can be inferred from momentum equations.
Energy fluid equations can also help to uncover new effects, such as
the drift-energy replacement effect.””

However, there is another approach. In the absence of tempera-
ture gradients, plasma obeys a maximum-entropy principle. It has
been proved in Ref. 28 that, combined with the constraint on moving
charge across magnetic field lines and a constraint on which species
can move at the given timescale, the generalized pinch relations are
recovered. This is a profound result, because the momentum equation,
and the friction force between species in particular, can have quite a
different form in various plasmas (in particular, it depends on Hall
parameter). In the presence of temperature gradients, entropy itself is
no longer maximized. However, consideration of the Onsager linear-
response matrix still makes it possible to use entropy and thermody-
namic techniques to infer the relationship between ion densities.”’
These results show that extending entropy-based fluid code develop-
ment, e.g, in Refs. 73-77, to multi-ion-fluid systems could be of
interest.

There are multiple future directions that could develop from
uncovering these new curious cross-field transport effects. We will list
a few possibilities. The first direction is to verify partial magnetization
and partial ionization results experimentally. One configuration of
interest is an appropriate diagnosed Z-pinch experiment, where impu-
rity density can be adjusted and tracked, based on ideas in Sec. IV.
Linear plasma devices might be a test bed to observe the partial-
ionization deconfinement effect.

The second direction is to develop a theory of transport in par-
tially ionized plasma with two charge states in the presence of back-
ground species. This could be of great interest to magnetic confinement
devices, as high-Z impurity transport can be described in these terms.

The third direction is to develop a theory of partially ionized
plasma with three and more charge states. In contrast to the case of
two-charge-state plasma, once there are three and more charge states,
the equilibrium is not guaranteed to be a local charge state equilibrium
in the presence of temperature gradient. As such, cross-field transport
could impact spectroscopic inferences in this case once charge states
are not in local charge state equilibrium. Therefore, it could be of great
interest to find out the size of this effect.

The fourth direction is to incorporate a simple model of cross-
field transport into the codes which determine charge state equilibrium
and estimate the impact of transport in that way.

The fifth direction is to build upon the results of Sec. V to try to
explain relationship between transport coefficients in neoclassical or
turbulent impurity transport from first principles. This lengthy list is a
testament to the richness of cross-field transport physics in magne-
tized, multi-ion plasma, some of which has been explored recently and
summarized here.
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