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Current drive in expanding and compressing plasma

P. F. Schmit and N. J. Fisch
Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA
(Dated: January 16, 2012)

A magnetized plasma preseeded with an initially undamped Langmuir wave is shown to tran-
sition suddenly to a collisionless damping regime upon expansion of the plasma perpendicular to
the background magnetic field. The collisional relaxation of the resulting modified, anisotropic
particle distribution then generates electrical current. The current drive efficiency of this effect in
nonstationary plasmas is shown to depend on the rate of expansion of the plasma. Subsequent
re-compression of the plasma enhances this current drive effect by reducing the collision rate of the

current-carrying electrons.

PACS numbers: 52.35.Fp, 47.10.ab, 52.25.-b, 52.65.Rr

Introduction.— Time-varying plasma with embedded
waves [1] or dust [2] can often exhibit radically different
behavior from steady state plasma. Here, a new cur-
rent drive scheme is predicted in nonstationary plasma,
whereby an initially undamped monochromatic wave,
embedded in a magnetized plasma and propagating in
one direction parallel to the magnetic field, is induced
into wave-particle resonance with plasma particles due
to magnetic expansion perpendicular to the wavevector.
The sudden, collisionless damping causes the wave to
transfer its energy anisotropically onto the co-moving
high-energy tail of the resonant particle distribution,
while subsequent anisotropic collisional relaxation of the
modified distribution results in a net current. As a
paradigmatic example, embedded Langmuir waves are
considered, though other waves may prove more suitable
for specific applications. The peak attainable current
densities occur for expansion rates, 7, comparable to the
electron collision rate, .. However, expansion rates sig-
nificantly faster than the collision rate lead to more pro-
longed current as a result of enhanced electron trapping
by the wave, which carries more electrons to superther-
mal velocities and, hence, reduces their effective colli-
sionality. Interestingly, the current can be prolonged by
magnetically compressing the plasma following the col-
lisionless damping, which increases particle perpendicu-
lar velocities, thereby lowering the collisionality of the
current-carrying electrons.

Before presenting the results of the numerical simu-
lations, the basic current drive mechanism will be ex-
plained briefly. For slow variation of external forces,
the Langmuir wave dispersion relation obeys the eikonal
equation [3]: w? = w2(t) + i’)kgv%u(t)7 where wy, is the
plasma frequency and vy is the electron thermal veloc-
ity in the direction parallel to the wavevector k, with
|k| = k. This is just the normal dispersion relation for
plasma oscillations, but with w;, and v varying slowly in
time. Assume there exists a homogeneous magnetic field
B || k that is sufficiently strong to magnetize both the
ions and the electrons. Then, the plasma number density
n « |B| = B(t) by magnetic flux-freezing, as B is slowly

varied with time. Additionally, the conservation of the
magnetic moment, p = mvﬁ_ /2B, on time scales short
compared to v, ! leads to the reduction of perpendicular
velocities for magnetic expansion, i.e., dB/dt < 0.

Consider, for simplicity, a torus of plasma in a toroidal
magnetic field. The torus is high aspect ratio, so any
small toroidal segment appears cylindrical, and expan-
sion is presumed to occur in the minor radius only, while
the major radius is fixed. Initially, the phase velocity of
an embedded Langmuir wave vpn, = w/k > vp), with
k = const, and w =~ w, o« n'/? for perpendicular ex-
pansion. Neglecting anisotropy-driven electromagnetic
instabilities (addressed in the Discussion section), vy is
decoupled from v, when v, < 1, and the wave can be
made to satisfy the condition v,, ~ O(vyp)) via mag-
netic expansion, at which point Landau damping of the
wave initiates [1]. Even in the limit v, ~ O(n), where the
temperature variation scales with the system volume adi-
abatically, i.e., TV?/3 = const, one still finds v o n'/3.
Thus, in this limit the ratio vpn /vy o n'/6 and the
Landau damping criterion still can become satisfied.

As opposed to the case of compression parallel to k
by walls, where only heating occurs [1], here the Landau
damping of a wave traveling in one direction forms an
anisotropic high-energy electron tail, with collisions lead-
ing to electric current [4]. Since particle collision rates
exhibit a 1/v* dependence, the high velocity tail relaxes
more slowly than the rest of the distribution, producing
a net current. However, as opposed to steady state cur-
rent drive [4], here the evolution of current carried by
suprathermal particles will be impacted significantly by
the rarefaction or densification of the plasma [5].

Current drive in expanding plasma.—To describe this
current, a novel particle-in-cell (PIC) simulation was de-
veloped that treats electrostatic fields with mobile elec-
trons and ions in one spatial dimension, while parti-
cle speeds perpendicular to the simulation domain are
tracked along with longitudinal velocities.  Periodic
boundary conditions are imposed to allow the current
loop to close, and the parallel and perpendicular veloc-
ities are initialized as Maxwellian with a sinusoidal per-
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FIG. 1: (color online) (a) Dimensionless current density for
expansion time T = 30 (blue), 50 (green), 100 (red), 150
(cyan), 250 (magenta), time measured in units 7,9. (b) Di-
mensionless total flux tube current, same color scheme.

turbation for the plasma wave. Perpendicular velocities
are coupled to the change in n (and thus B) by enforcing
conservation of the magnetic moment, Ay = 0, at each
time step. Variations in density due to perpendicular
compression and expansion are simulated by scaling both
the PIC particle charge, @, and the PIC particle mass,
M, proportionally to the normalized density 7, = n;/ng,
while holding the ratio @ /M fixed. This can be visualized
as the redistribution of charge density across the perpen-
dicularly homogeneous sheets of charge modeled by a 1D
PIC code. Finally, a continuous, time-explicit PIC colli-
sion algorithm for fully three-dimensional (3D) collisions
was used based on the approach derived in Ref. [6]. The
advantage of this method is that the 2D effects of mag-
netic expansion and collisional relaxation can be retained
while simulating motion in only one spatial dimension,
allowing for more particles to be simulated per cell, and,
hence, drastically decreasing the statistical noise.

Any time-varying current will induce an electric field,
whose strength will depend on the L/R time, 7. The total
current then can be described [7] by: 7dI/dt = Li¢(t) — I,
where I¢(t) is the current source that arises from the ef-
fects considered here. Since the number of fast current
carriers is small compared to the bulk current carriers,
the induced electric field affects primarily bulk electrons,
producing current with classical resistivity. What is ad-
dressed and simulated here is the wave-generated current,
I¢(t), for which the induced field can be ignored.

To illustrate the new current-drive effect, consider
plasma parameters characteristic of magnetized liner fu-
sion experiments [8]; for instance, take the initial number
density n = 10?2 cm® and the initial isotropic tempera-
ture T = 750 eV. To this hydrogen plasma, we add a
preseeded Langmuir wave of wavelength A = 87 nm and
amplitude £ = 4 x 10% statvolts/cm. The plasma is ex-
panded until it is 20% of its original density at a number
of different linear rates with brief, smooth ramp-up and
ramp-down periods. Following expansion, the plasma is
allowed to evolve further at the fixed reduced density.

The wave is initialized such that the trapping width
v /ur = 3, and the phase velocity vpn/vr = 7, where
vy = 24/eFE/mk, and e/m is the electron charge-to-mass
ratio. Particles are not initialized beyond v = 4v, so the
resonant region of the wave initially lies just beyond the
fastest particles in the simulation, and no damping occurs
if collisions are excluded and the density is held fixed.
The electron collisionality relative to the wave frequency
w initially goes like w/27v, = 94, so that an optimal
expansion rate 1 may exist in the range w > n 2 v,
where sufficient collisionless damping can occur before
the wave energy is lost to collisional damping.

The current response of the plasma subject to a num-
ber of different compression times, 7' ~ 1/7, is shown in
Fig. 1. Figure 1(a) shows the normalized current density,
J/engurg, versus time for T' = 30, 50, 100, 150, and 250,
where T" has units of plasma periods, 0 = 27 /wpo, and
the subscript ‘0’ signifies an initial value. Since the PIC
code utilizes a random collision routine, the data in Fig. 1
represents the mean of many identically initialized sim-
ulations for each value of T', with an w,-scale smoothing
filter applied to remove fast oscillations. The statistical
error in the data is on the order of £1x 10~* for Fig. 1(a),
approximately a 2% to 5% error at peak current density.
To maximize the peak current density, there is clearly a
benefit to slower expansion, though the peak current den-
sity appears to level off for T' > O(v; ') (v = 10070
initially in these simulations). Of course, for n < v, the
wave damps promptly without generating current.

Figure 1(b) shows the total normalized flux tube cur-
rent. The peak current is far less sensitive to T' than the
peak current density, though Fig. 1(b) shows that faster
expansion generally leads to a more prolonged current
profile. Thus, another figure of merit might be the to-
tal time-integrated current. In this case, optimization
of time-integrated current also points to faster expan-
sion rates. Figure 2(a) shows the behavior of the nor-
malized electron (parallel) velocity distribution function
f(v), with [ f(v)dv = 1, for T = 307,9. At this expan-
sion rate, enhanced particle trapping by the wave mod-
ifies significantly the particle distribution in the vicinity
of the resonance [9], accelerating high energy electrons
to higher parallel velocities by amounts comparable to
vt On the other hand, Fig. 2(b) shows that slower ex-
pansion leads to less particle trapping, thus limiting the
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FIG. 2: (color online) Plot of log,, [f(v,t)], with f(v,t) the
electron parallel velocity distribution function, for (a) T =
307, and (b) T = 2507,.

production of high energy electrons. In phase space, the
advancement of the trapped orbit wave separatrix along
the velocity axis toward the particle distribution, i.e.,
d/dt|vpn /vr)| = o < 0, is counterbalanced by the reces-
sion of the separatrix due to the shrinking of the trapping
width, i.e., d/dt(v./vr)) = v < 0, due initially to plas-
mon conservation and later to resonant wave-particle en-
ergy exchange. Then, when |«| > ||, as is the case with
fast system expansion, a phase space bubble is dragged
into the plasma, and resonant particles experience an im-
pulse of O(vy;) [10]. In the slower expansion case, where
|| = ||, the wave damps appreciably as it penetrates the
distribution, limiting the size of the phase space bubble.
Consequently, the current carriers in the slower expan-
sion cases are significantly lower energy relative to the
high energy current carriers produced in the faster ex-
pansion cases, resulting in quicker collisional damping of
the associated current.

Enhancement of current drive with re-compression.—
The lifetime of the driven current can be extended signif-
icantly through magnetic re-compression of the plasma
following collisionless damping of the wave. Figure 3
shows the normalized flux tube current for the original
T = 307, case from Fig. 1(b) as well as the case where,
after t = T, the plasma is then compressed back to its
original density at the same linear rate. The current in
the re-compressed plasma possesses a longer decay time,
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FIG. 3: (color online) Normalized flux tube current for the
original T' = 307, expansion scenario (dashed line), and where
the plasma is compressed immediately back to its original
density with an identical (T' = 307} ) linear profile (solid line).

since the compression perpendicularly heats the current-
carrying particles, whose collisionality exhibits a 1/v3
velocity dependence. Generally, simulations reveal that
faster re-compression leads to more prolonged current.

Discussion.— The use of lower dimensional models to
simulate wave-particle interactions often offers benefits
and has been implemented recently in other systems [11].
The number of particles N required in an S-dimensional
PIC simulation scales like N°, owing to the necessary
condition for weakly-coupled plasma, N(Ap/L)® > 1,
where Ap is the Debye length and L is the character-
istic length of the simulation domain. Furthermore, the
lower dimensionality of the code allows IV to be increased
beyond the minimum requirements for weak coupling so
that the noise, scaling like 1/ V/N, may be reduced further
without loss of computational tractability.

The simulation does not treat electromagnetic in-
teractions and, thus, does not capture temperature
anisotropy-driven instabilities [12]. For a = T /T}, the
relevant electron instabilities, the firchose (¢ < 1) and
whistler (¢ > 1) instabilities, have maximum growth
rates determined by two parameters: parallel beta, 8, =
8mnTj/ B2, and the anisotropy parameter a. The sys-
tems modeled in Fig. 1 traverse this parameter space as
indicated in Fig. 4. Initial conditions correspond to the
lower right side of the plot, and given enough time, all
trajectories eventually come back to a = 1 from colli-
sional isotropization. The dashed line shows the limit of
negligible collisions, i.e., 7 > v.. In this limit, 8. oc n 71,
and a « n, so the (reversible) paths are along lines of
constant af.

Figure 4 can be compared directly with Fig. 5 of
Ref. [12]-b. For the current drive effect produced by ex-
pansion, which generates a < 1, the firehose instability
generally can be avoided by picking a sufficiently small
initial B¢g. For the initial temperature and density chosen
here, and assuming a background field |B| ~ O(100 MG),
which is typical near stagnation in magnetized liner fu-



sion [8], one has B, ~ O(1072), and the firehose insta-
bility is avoided easily. On the other hand, the whistler
instability may occur under the re-compression if a > 1,
limiting the extent to which plasma compression may
prolong the current.

While the Langmuir wave serves as a paradigmatic ex-
ample to illustrate the current drive mechanism, in prac-
tice, other waves may be more useful in contemporary ex-
perimental geometries, such as lower frequency waves or
possibly even nonlinear waves [13]. The Langmuir wave is
heavily damped in very dense plasma, so the expansion
time 7 cannot easily be made as short as the collision
time v.. For example, for magnetized liner parameters
[8], a cylindrical plasma with radius 0.2 cm, Ty = 750
eV, and initial density, ng = 102> cm~3, the collision
rate v, ~ O(10'3 s71) would exceed any subsonic ex-
pansion rates. However, for a more tenuous plasma, say
no = 1016 cm™3, then v, ~ O(107 s71), so that more
easily realizable expansion rates of the order of hundreds
of nanoseconds would be sufficient to induce Langmuir
waves into resonance before significant collisional damp-
ing occurs. In such plasmas, lightly damped Langmuir
modes exist with frequencies at several hundred GHz and
sub-millimeter wavelengths. A transition from stagna-
tion to expansion at these rates and initial densities is
possible on modern Z-pinch devices [14]. Expansion rates
of the order of 100 ns also require only subsonic or sub-
Alfvénic expansion velocities, allowing for relatively uni-
form expansion throughout the column.

The analysis here describes Langmuir waves propagat-
ing along field lines of a toroidally magnetized annulus
of plasma, which is allowed to expand uniformly about
its toroidal axis. Such a plasma could be created us-
ing a single current-carrying wire running along the cen-
tral axis of a Z-pinch, which produces an azimuthal mag-
netic field within the plasma surrounding the wire. The
mean-free paths of the high energy electrons produced
for ng = 106 cm ™2 and Ty = 750 eV are >50 cm, mean-
ing these electrons circulate the wire many times before
slowing down. An 87 pm Langmuir wave satisfies the
initial relations vy /vr = 3, and vpn/vr = 7, like the
simulated wave, when the electrostatic energy density is
roughly 3% the thermal energy density of the hydrogen
plasma. Assuming the Langmuir wave fills the entire in-
terior region of the plasma torus, a resulting wave-driven
current peaking at about 10 kA is predicted by the simu-
lations. However, at these temperatures and densities, a
plasma torus consistent with typical Z-pinch dimensions,
with minor radius 0.5 cm and major radius 3 cm, exhibits
an L/R time of tenths of a second. Thus, as the fast par-
ticle current rises, a loop voltage peaking around 8 mV
is induced, which drives an Ohmic counter-current that
nearly cancels the wave-driven current on the relatively
short expansion time scales of 100 ns.

In summary, magnetic expansion of plasma can induce
sudden collisionless damping of an embedded Langmuir
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FIG. 4: (color online) Plot of system trajectories in a—. space
(parameters defined in text). Same color scheme as Fig. 1.
Dashed line shows the quasi-reversible pathway for n > v..

wave with phase velocity in one direction. The collisional
relaxation of the resulting anisotropic particle distribu-
tion then generates current in the expanding plasma. The
efficiency of this current drive process varies with the ex-
pansion rate of the plasma, with faster rates leading to
longer-lasting currents due to greater particle trapping
by the wave. This current drive effect is enhanced fur-
ther by the subsequent re-compression of the plasma.
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