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Transport of Current by Whistler Waves
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(Received 28 June 1988)

When an electrode is immersed in a laboratory plasma with magnetized electrons and its bias is pulsed
with respect to the plasma potential so as to collect either ions or electrons, the initial current in the plas-
ma is always carried by electrons. The dc current front is preceded by oscillatory dispersive currents
which, for our experimental conditions, are associated with whistler waves. Thus, the current front ad-
vances along Bo not at particle speeds but at the whistler wave speed.

PACS numbers: 52.25.Fi, 52.35.Hr, 52.40.Db, 52.40.Hf

The steady-state concept' that currents between elec-
trodes immersed in plasmas are carried by the species
collected across the electrode sheath (electrons when the
electrode is biased positive, ions when it is biased nega-
tive with respect to the plasma potential) is often applied
to time-dependent situations. For example, in the steady
state, charged particles are thought to drift into the elec-
trode with their random thermal velocity; hence one may
(mistakenly) assume that upon turn on of a positive or
negative voltage to an electrode the current penetrates at
v, = (kT, /m, ) 't or v; =c, = (kT, /m; ) 'l, respectively.
Laboratory and computer experiments on time-
dependent currents have been performed; however, the
steady state is assumed to have been reached once the
sheath is established (typically, several plasma periods).
As stated elsewhere, these assumptions form the basis
of many current systems studied in the laboratory and
space (e.g. , diagnostic probes, antenna response, beam
emission, etc.). In this Letter we report in situ measure-
ments of the magnetic-field perturbations caused by
switching currents to cold electrodes in a magnetized
afterglow plasma (magnetized electrons and weakly
magnetized ions). Because of the respective magnetiza-
tion as well as due to weak collisionality (v„/ro„«1),
electron currents are- theoretically confined to the flux
tube subtended by the electrode while ion currents are
not. Instead, our observations of current flow and propa-
gation speed indicate that for both positive and negative
electrodes, the initial current is dominated by electrons
and associated electromagnetic waves and therefore flows
almost exclusively along the externally imposed magnetic
field. However, once dc currents are established, cross-
field transport of current is evident. The spread appears
to be due to self-consistent electric fields and the
geometry of the volume over which current flows.
Space- and time-resolved measurements reveal a new ob-
servation: The current front contains induced reverse
currents (consistent with Lenz's law) which are oscillato-
ry dispersive structures propagating at the whistler wave
speed (consistent with the collective electron mode which
convects magnetic-field perturbations in magnetoplas-
mas).
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FIG. l. (a) Schematic diagram of the experimental device.
(b) Block diagram of the data processing system.

The experiments are conducted in the quiescent after-
glow (t=120 ps) of a large linear (1 m diam, 2 m

length) pulsed (t„,~=2 s, t»=4 ms) magnetoplasma
(n, =8 x 10" cm, kT, =5kT; =1.0 eV, Bo =5-30 6,
P«=0.4 mTorr) schematically shown in Fig. 1(a). The
electrodes are tantalum or copper disks of various diame-
ters (2-66 cm). The chamber wall and grounded grid
anode serve as the return electrode. The biasing circuit
is pulsed with a typical rise time of 30 ns (2tr/co„= 2.6
ms& t =2tr/ro„= 35 ns at 10 6). The magnetic field,
B(r,t), induced by the current fiow is measured with a
probe consisting of three electrostatically shielded, small
(1 cm diam), orthogonal magnetic loops. The probe tip
is capable of scanning a suitably large volume
(0&r &20 cm, 0&z &55 cm) about the electrode.
Thus, complete maps of the total current density
(J=J„„d+BD/8t =VXH) in the plasma are available
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although the experiments reported here do not require
them on account of cylindrical symmetry. Wave infor-
mation is obtained with a gated interferometer circuit
consisting of various integrators and amplifiers, a mixer,
a tone burst generator, and a sample-and-hold unit [Fig.
1(b)l.

First, a disk electrode (r =10 cm, surface normal is
along Bo =30 6) is biased so as to collect electrons
(I, ,„=2A). Figure 2 displays Be(t) (in arbitrary units,
field magnitude is on the order of a few m6) at various
axial distances, z, from the electrode at r =20 cm, 0=0.
Because of the system's cylindrical symmetry (t)/80=0),
the axial current density is given by poJ, =1/r 8(rBe)/itr.
After the initial transient (discussed below), the quasi-
steady-state [t ~ 20 ps, Fig. 2(b)] value of Bs decreases
with z. Since it does so at all radial positions (not
shown), J, decreases with increasing axial distance. The
current must then flow across Bo (V J =0) and the sur-
face through which it flows is therefore a cone with base
at the electrode instead of the end walls of the theoreti-
cal magnetic flux tube. Consequently, cross-field trans-
port of electrons takes place. Given our parameter range
(n, =8X10'', Bo=30 6, kT, =1 eV), classical conduc-
tivity (cr&/a~~ = (v«/co„) = 0.002) does not account for
the decrease in J,. However, if self-consistent electric
fields are present (given by J=rr E, where a, the con-
ductivity tensor, contains all oA'-diagonal terms which al-
lows for E& to be a function of J,), then the transport
can be understood. Measurement of such fields is out-
side the scope of this Letter.

Most interesting is the transient response of the plas-
ma to the turn on and turn ofl' of the external current I, .
Figure 2 shows the evolution of a dispersive oscillation in

Be(z, t) which, incidentally, also appears in B,(z, t) (not
shown). This indicates that a current loop is induced as
a result of the change in magnetic flux in the electrode's
vicinity due to the electron collection. In addition to the
inductive electric fields responsible for the current loop,
the particle collection must also give rise self-consistently
to a space-charge field since neutralizing electrons take
time to travel to the electrode. Because the perturbed
magnetic field can penetrate into the plasma at a finite
speed determined by the plasma dispersive properties,
the induced current loop cannot close at the distant re-
turn electrode but must do so locally. As expected from
Lenz's law, other loops, of appropriate direction and
magnitude, form downstream [Fig. 2(b)]. Thus the os-
cillatory current propagates away from the electrode
similarly to electromagnetic waves emitted by an anten-
na. In fact, it exhibits the characteristics of a whistler
wave as established in detail below. Because of the fre-
quency dependency of the phase and group velocities of
whistlers, the various maxima and minima shown in Fig.
2(a) travel at different speeds [(0.5-2.5) X10 cm/sl and
the dc current rise spreads in time. Such transient
waveforms would not be observed if the current pro-
pagated at speeds solely determined by the electron
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FICJ. 2. (a) Externally measured electron current, I, (t)
(lower trace, I, „=2A) and the internal perturbed magnetic
field Bz vs time (in arbitrary units) at different distances z
from the electrode along the axial dc magnetic field, Bo. The
different speeds of the maxima and minima (dashed lines, A
and B), as well as that of the dc current front (dashed line C),
result from the dispersion of whistler waves [v = 10 cmjs, de-
creasing velocity with decreasing frequency, see Fig. 4(c)l. (b)
For a given time after current turn on (e.g. , t =5 ps), the mag-
netic field in the plasma oscillates spatially indicating that the
induced field is wavelike and that current loops are established
(schematically indicated by arrows in figure center). After es-
tablishment of dc current (e.g. , t =20 ps), the magnetic field
decreases axially indicating current spread (see text).

thermal velocity. Another induced current system is
formed after the current pulse is terminated. In this
case, since the magnetic flux decreases, the plasma at-
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tempts to sustain the dc field. Again, as a result of local
closure, other loops develop downstream and propagate
with speeds similar to those observed during the turn-on
phase. The source of energy driving these fields is the
magnetic energy stored in the plasma during dc current
How.

As mentioned above, ion collection is assumed to give
rise to currents carried by weakly magnetized ions prop-
agating at any angle with respect to Bo at the ion sound
speed (c,=2X10 cm/s). Figure 3 shows that these pos-
tulates are not borne out even when large ion currents
are collected (I; =20 A, rd;, k=66 cm). We observe, as
in the case of electron collection, the formation of an in-
duced wavelike system and its propagation into the plas-
ma at whistler wave speeds (v„))c,) mostly along the
ambient magnetic field. While there is no doubt that
ions are collected through the electrode's sheath, the
data nevertheless indicate that electrons repelled from
the electrode region carry the current in the plasma. If
the current was carried by ions then the arrival time of
the current front would be t =z/c, =200 ps (at z =40)
instead of t =4 ps as in Fig. 3.

Since induced current oscillations are generated at
switch on and switch oF, it is natural to apply a rapidly
switched current in order to resonantly drive whistler
currents. With the setup of Fig. 1(b) a current tone
burst (I, =1 A, 50% duty cycle) is applied and the
phase-coherent B fields measured interferometrically
along the axis of the electrode's Aux tube. First, we
determine the phase velocity of the waves along the am-
bient magnetic field, Bo, by introducing delay lines in the
signal path of the interferometer. Figure 4(a) reveals

that the weakly damped wave travels away from the
electrode. Note that the phase velocity (v&=2&c10
cm/s) is below the electron thermal velocity (vih 6
X10 cm/s). Next we examine the wave polarization by
recording the transverse field components, 8 and 8~
[Fig. 4(b)]. A 90' phase lag between 8x and 8~,
characteristic of right-hand circular polarization, is ob-
served. The third component, 8, (not shown), also
displays an oscillation but lags B„by 180'. This
confirms that the oscillatory current forms spatially lo-
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FIG. 3. Magnetic field Bo(t) (in arbitrary units) measured
along a line as in Fig. 2(a) but for the case of ion collection
(I;,„=20 A, lower trace). Propagation speed indicates that
in the plasma volume the current is carried by electrons.

FIG. 4 (a) Interferometer traces B„vs z for various delay
times, r, introduced into the signal leg [see Fig. 1(b)]. 8„ is in-
duced by a pulsed electron current (I, =1 A, co/2ir= I MHz,
50% duty cycle). The motion of the phase fronts indicates that
weakly damped waves move away from the electrode at
whistler wave speeds (v&=2&&10 cm/s). (b) Polarization of
B„„,, (z) = [8 (z),8~(z)]. As the axial distance from the elec-
trode is increased the magnetic field rotates from B into B~ in-
dicating right-hand circular polarization characteristic of
whistler waves (see inset). (c) Measured dispersion relation,
co/co„vs k~~c/co„(dots), of the perturbed magnetic field associ-
ated with periodically pulsed electron currents. The solid line
is the theoretical dispersion relation for whistler waves,
c 'k f/co' = 1

—(co~z, /co') ( I —co„/co)
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calized loops as deduced from Fig. 2. Finally we obtain
the dispersion relation of the waves by varying the tone-
burst frequency and measuring the axial wave number k~~

for different values of
~ Bo ~

and n, F. igure 4(c) displays
one set of such measurements which shows excellent
agreement between the data and the theoretical whistler
dispersion relation for longitudinal propagation
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'

Use of plane-wave, infinite-medium theory is justified
since v/co„« 1 and co~,r ~h, ,/c && l.

From the experimental observations reported in this
Letter we can draw three interesting conclusions.

(1) Field-aligned switched currents to electrodes are
dominated by the electron dynamics even if the electrode
draws ions from the plasma. The momentum transfer is
thought to occur in the sheath. These results hold even
for electrodes larger than the ion Larmor radius.

(2) The penetration of currents into plasmas occurs
neither at the Alfven speed (MHD concept) nor at the
electron thermal velocity (single-particle concept) but at
the whistler wave speed (collective electron mode).

(3) A step function in the externally applied current
waveform evolves in the plasma as an oscillatory disper-
sive wave train of falling frequencies in time, asymptoti-
cally approaching the dc current. The wave packet prop-
agates with little damping within the whistler wave ray
cone along Bo (0;„=11' at co/co„=0. 19).

If the electrode were moving across Bo then the dc
current would Aow along a winglike structure, a topic ex-
tensively discussed for satellite applications. Note,
however, that our observations would predict whistler
wings rather than the commonly assumed Alfven wings.
Pulsed currents are clearly suited to excite whistler

waves; beams are not better exciters since the associated
current does not propagate at the beam speed but at the
whistler speed. The present results are also important to
the dynamics of neutral sheets in laboratory and space
plasmas. ' The coupling of whistler waves to currents is
also of interest to rf current drive in magnetic
confinement devices. "
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