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Anomalous Currents to an Electrode in a Magnetoplasma
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An electrode pulsed to a large positive potential (¥ >> kT,/e) in a collisionless magnetoplasma
is observed to draw currents far in excess (10x) of the field-aligned electron saturation current
prescribed by probe theory. The large currents are inferred to be due to anomalous cross-field
transport caused by current-driven instabilities. Electric fields due to space-charge separation and
anomalous conductivity lead in time to ion expulsion from the current channel and hence to densi-

ty depletion and current collapse.

PACS numbers: 52.40.Hf, 52.25.Fi, 52.35.Qz, 52.70.Ds

The current to an electrode biased above the plasma
potential in a collisionless plasma is a long-standing
problem of fundamental interest in plasma diagnos-
tics!~3 and current systems in space.* Earlier reports’
have derived the plasma parameters from probe
characteristics but have not considered the perturbing
effects of saturation currents on the plasma. In this
Letter we report measurements of the spatial and tem-
poral evolution of the electron saturation current sys-
tem, J(r,¢), within the plasma as well as detailed diag-
nostics of electric field, density, and temperature.
From the observations we conclude that electrons
drawn by a highly biased (V >> kT,/e), pulsed probe
raise the plasma potential in the flux tube roughly sub-
tended by the electrode giving rise to electron Hall
currents, expulsion of the unmagnetized ions from the
flux tube, and anomalous radial electron currents.
The enhanced parallel current near the probe creates
an anomalously low parallel conductivity o (J/)}, which
results in resistive electric fields, £, =J,/o(J)}, far
outside of the sheath region. Ions are accelerated away
from the probe and electrons toward it resulting in a
net density depletion, n,=n,— 0, and hence the
probe current collapses. Recovery of the current-
driven instability causes plasma to flow back to the
perturbed region and the process repeats periodically
creating pulsating currents in steady state. The large
transient current pulses penetrate into the plasma
along B, at near electron thermal speeds, but since
they exist only over durations of ion transit times
across the current channel the penetration along B, is
limited to distances
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where A¢ is the radial potential drop in the channel
and ry, the flux tube radius. Our plasma is much larger
than these scales; hence the results are not boundary
dependent and can be scaled to relevant applications.*
The experiments are conducted in the quiescent af-
terglow (¢=120 usec) of the pulsed (r,,=2 sec,
ton=4 msec) plasma (n, =2x10"" cm~3, T,=S5T,

=15 eV, By=30 G, p,=4x10"* Torr, Ar)
schematically shown in Fig. 1(a). The electrode is a
tantalum disc of 0.8-cm radius (rp) insulated on one
side. It is biased to V=80 V (>> kT,/e) via a
transistor switch with respect to the grid anode and
chamber walls. The magnetic field, B(r,z), induced by
the current 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 <8 cm,
0<z <55 cm) about the electrode. The current-
density vector field, J(r,r), is calculated via
J=V xB/ug. The local plasma parameters (n,, kT,,
¢,1) are obtained with a small (1 x 1.5-mm?) Langmuir
probe. The probe tip can also scan a volume about the
electrode. The probe bias is changed in successive
shots and the probe current-voltage characteristic as a
function of time is reconstructed at each spatial point.
The acquisition and handling of the necessary large
data set is done by computer.®
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FIG. 1. (a) Experimental device. (b) Electrode current /
vs time rat V=80 V.
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The normally floating electrode is pulsed (rise
time = 200 nsec, t,, = 40 usec) to the supply voltage.
The probe current exhibits a temporary increase above
the expected electron saturation current (Ie,sax=‘n"1§
x ne [kT,/2wm,1Y2=1 A) whenever the supply vol-
tage exceeds the plasma potential. Current overshoots
have earlier been observed’ and explained theoretical-
ly27 by excess ions in the probe sheath but here we
will show that the underlying physics is different.
After the first current overshoot smaller current peaks
appear at somewhat regular time intervals. This im-
plies that no steady-state (9/9¢=0) currents exist,
presumably because the plasma has been radically per-
turbed by the first overshoot. This Letter concentrates
on the first overshoot (/,,=10 A) caused by an 80-V
bias [Fig. 1(b)].

The penetration of currents or magnetic fields is ad-
dressed by observation of the temporal evolution of
magnetic energy density, B%/2ug, as shown in Fig. 2.
The front of the magnetic energy-density perturbation,
arbitrarily chosen as the first contour, assumes a speed
of v=12x107 cm/sec, nearly the thermal electron drift
speed to the probe, v, = (kT,/27m,)"?=2x10’
cm/sec, but lower than the speed of a whistler wave
packet of 2-usec duration,

vg = 2¢/wpe (0w, )2 =9x 107 cm/sec,
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FIG. 2. Contours of constant magnetic energy density in
the r-z plane at different times. Contour separation is 0.2
nJ/cm?. The front asymptotically assumes a speed of 2 x 10’
cm/sec. The electrode is shown to scale in the first panel;
however, it is located at z =0 cm.
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and much faster than the Alfven speed,
va = By/(uonm;)/*=3x10° cm/sec,
and the ion sound speed,
¢ = (kT,/m;)/2=2x10° cm/sec.

The region of maximum energy, which is also the re-
gion of maximum current density, does not extend far
(z <20 cm) from the electrode. The axial divergence
implies that currents are not confined to flow along the
flux tube but must funnel radially in from the entire
plasma into the electrode.

Examination of the current density reveals the ex-
istence of both parallel and perpendicular currents.
Figures 3(a) and 3(b) display, for example, the current
density (J,, <0.7 A/cm?, J, <04 A/cm?) in the
plane z=35 cm at t=1.5 usec. The direction of J, is
mainly azimuthal to the flux tube, i.e., a Hall current,
and partly radial outside the flux tube. Consequently,
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FIG. 3. (a) Topological map of J, for a limited region
about the origin for the plane z=5 cm at t = 1.5 sec. Con-
tour spacing is 0.08 A/cm?. Maximum value is 0.8 A/cm?.
(b) Same as (a) but for J,. Maximum value is 0.4 A/cm?.
(c) Trajectory of a current density line at 1 =1.5 usec exhi-
biting the right-handed, conical helix of varying pitch path.
(d) Current at the boundaries of the explored volume as a
function of time.
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the current flows along nested right-handed conical
helices whose apex is at the electrode. Because J,/J
is a function of space, the pitch and conical angle of
the helices vary continuously. A typical example out
of the infinite set of current-density lines is shown in
Fig. 3(c). While the current density describes the local
properties of the current system one would also like to
know the integrated currents / = [ J-d A. Figure 3(d)
shows that the current across the surface closest to the
electrode (1 ,—5.m) evolves in time as the externally
measured current [Fig. 1(b)]. Its magnitude, howev-
er, is not the same since it is measured at z=35 cm.
Current flowing through the opposite surface
(1) ;=55cm) is initially much smaller than the current
at z =5 cm. However, the perpendicular current flow-
ing out of the four side surfaces of the rectangular
volume explored [Fig. 3(c)] account for I ,_5y in
spite of the low magnitude of J, on the boundaries.
Hence, current is funneled into the electrode. Only
after the current overshoot begins to decay does
Iy ;=s5cm overtake I, as the source for [y ;—scm
The late appearance of flux across the plane at z =55
cm is clearly due to the propagation of the current
front. The closure path for the current therefore
evolves in time and probably encompasses the entire
plasma volume. It is appropriate to note that

E=-v0-Vp/ne
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FIG. 4. Vector field map of the net electric field,
E(r,1)=—V¢— Ve, for selected times. The electrode is
shown to scale in the bottom panel;, however, it is at z=0
cm.

31 =fﬁ1 -d A is not strictly zero at all times ( = 5% of
I, at r=1.5 psec) indicating that current measure-

ments may have a similar error.
Upon switchon of the electrode bias, the plasma po-

tential is observed to rise with negligible delay
throughout the entire plasma by as much as A¢ = 30
V and near the probe by A¢ =40 V. The global po-
tential shift is caused by the return electrode (grid
anode and chamber walls) which must draw an ion
current equal to the electrode electron current so as to
maintain charge neutrality. The local potential gra-
dients near the electrode are observed to extend well
beyond the sheath region [thickness &= (A¢/
kT,)Y2\p, = 5xp, =0.15 mm]. Figure 4 shows vec-
tor maps of the net electric field, E(r,t)
= —V¢—V(nkT,)/ne. Inductive electric fields are
negligible compared to the electrostatic fields [9A4/
ot=1 mV/cm]. One can observe the following
features: (a) At early times (¢ =1 usec) the electric
field is predominantly radial (E, =2 V/cm) as a result
of an excess positive charge [(n,—n,)/n;,=~107*%] in
the flux tube caused by electron drain to the probe;
and (b) as the probe current peaks, an unexpectedly
strong parallel field [E, >4 V/cm >> V (nkT,)/nel
builds up near the probe (z <3 cm). The conse-
quence of the radial field is an azimuthal drift of
the magnetized electrons (vy=E,xBy/B¢ =6x10°
cm/sec) producing the Hall currents (Jy= nev, < 0.4
A/cm?) and a radial outflow of the unmagnetized ions
(r;=20 cm >> rp =2 cm >> r,, =2 mm) causing a
small radial current density (J,=nec;=5 mA/cm?),

kT (eV)

Elrode fem)
FIG. 5. Space-time dependence of electron temperature,
kT,, and density, n,.
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which when integrated over the large cylindrical area
involved yields significant currents (/,; = 2mr,L J,
= 3.1 A). The Hall current is expected to generate
ion-sound turbulence® (vy >> ¢,,T, >> T;) producing
azimuthal-wave electric fields, £,, and radially inward
electron Bohm transport® (/,, > 7,;). Thus the radial
transport of ions and electrons accounts for the unex-
pected cross-field currents. The large parallel electric
field produces electron heating [or increase in mean
energy if f,(v,r,t) is non-Maxwellian] and accelera-
tion of ions away from the electrode with a resultant
density depression. Both of these effects are shown in
Fig. 5 which displays kT, and n vs (r,z) at different
times. Local heating is observed during times and lo-
cations of strong E-J (1= 1.5 usec, z <3 cm). The
increase in k7, and the electron-ion drift velocity pro-
duces ion acoustic® and Buneman’ instabilities
(vg=1.2x10% cm/sec > vy, =7x10" cm/sec >> ¢,
T, >> T;) which have been tentatively identified in
observed density-fluctuation spectra. Such instabilities
produce the anomalous parallel conductivity!® which,
in turn, explains the large parallel electric fields.

In summary, currents far above the electron satura-
tion current can momentarily be collected in a magne-
toplasma. Such large currents are due to the appear-
ance of anomalous conductivity and are possible only
when the electrode bias is rapidly switched above the
plasma potential. The large currents are terminated by
the onset of anomalous electric fields which lead to ion
expulsion, and hence density depletion, from the vi-
cinity of the electrode. The observations have pro-
found bearing in the use of rapidly swept Langmuir
probes, charging of spacecraft, and the proposed shut-
tle electrodynamic tether system.*
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FIG. 1. (a) Experimental device. (b) Electrode current /
vs time rat V=80V,



