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A short, intense current pulse (/ =150 A, Ar=0.2 us, N=2x10'* electrons) is drawn from an elec-
trode immersed in a magnetized afterglow plasma (n=2x10"" cm 73, kT,=1.3 eV, Bo=10 G). The in-
duced magnetic field B(r,7) assumes the shape of a helical double vortex which propagates along Bo
through the uniform plasma as a whistler mode. The observations support a prediction of force-free
(JxB+neE =0) electromagnetic fields and solitary waves. Energy and helicity are approximately con-

served.

PACS numbers: 52.35.Hr, 52.35.Mw, 52.40.Db, 52.70.Ds

Force-free magnetic-field configurations are of funda-
mental interest in plasma physics'? and of particular
relevance to space plasmas® and magnetic confinement of
fusion plasmas.® In such configurations, the magnetic
force JxB vanishes, implying that the current J flows
exactly along the magnetic field B. While the existence
of such ideal configurations has been questioned,? the
balance between magnetic and pressure forces, JxXB
=Vp, is a well-established concept of MHD equilibri-
um.’ However, the MHD description of plasmas is a
special case (0 < w., p/Vp>r,), and it is also of in-
terest to consider the case of rapidly varying fields
(0> w.;). For such electromagnetic fields, both magnet-
ic and electric forces have to be considered in the force
balance. Thus, the condition for force-free electromag-
netic fields in a uniform plasma is given by® JxB+neE
=0. Analysis of this equation predicts oscillatory solu-
tions, i.e., a localized force-free electromagnetic solitary
wave with both transverse (inductive) and longitudinal
(space-charge) electric-field components.® In the present
Letter, we report on experimental observations of such
field configurations. We generate a time-varying elec-
tromagnetic field by the pulsed extraction of electrons to
a positive electrode. Strong electric fields (space charge
and inductive) are generated. Because of the short pulse
length, the ion density remains essentially constant. The
electromagnetic field evolves into a nearly force-free lo-
calized pulse that propagates along the uniform dc mag-
netic field By as an intense (Byave max=Bo) whistler wave
packet with little change in energy and helicity. These
properties distinguish our findings from traditional
MHD force-free field configurations, e.g., spheromaks. *

The experiment is performed in the afterglow of a uni-
form (n/Vn==1 m), collisionless (v.;/w.=0.02), pulsed
discharge (1 m diameter, 2.5 m length) immersed in a
uniform axial magnetic field By (Fig. 1). A pulsed
current (150 A, 0.2-us half-width) is established be-
tween a 4-cm-diam-plane, positively biased electrode and
the chamber wall. The time-varying magnetic field
B(r,?) is mapped with three orthogonal magnetic loops
(1 cm diameter, mounted at the end of a single shaft) in
space and time (B,,B,,B, vs x,y,z,t) from repeated,

highly reproducible (n/n<1%, tjiuer S10 ns) experi-
ments. From the complete knowledge of Byy=By
+B(r,t), we calculate the total (conduction plus dis-
placement) current density J=VXxB/ug, the vector
potential A =(uo/47)f(J/R)dV, the magnetic helicity
K=[A-BdV, the inductive electric field E; = —8A/dr,
and the force field J X By,

The time-varying component of the magnetic energy
density B*(r,t)/2uo propagates as shown in Fig. 2. The
electrode at z=—35 cm draws current at 0 <t 0.5 us
(0.2-us half-width). The perturbation propagates along
By at a speed v.=6.5%10" cm/s which is comparable to
the group velocity of a whistler wave packet,’

ve=2¢(1 —0/w.) " (wo/o})*=6x10" cm/s

at Bo=10 G, n,=2x10"" cm 73, and w/27=At ke
=v,/Azpackee=2 MHz. Although this value happens to
be close to the electron thermal speed, earlier dispersion
measurements® have established that whistlers rather
than particles create the field perturbation. The peak
magnetic energy density of the wave exceeds the particle
energy density by almost an order of magnitude
[B2(r,t)/2uo=7nkT,], but decreases during propaga-
tion. Dispersive wave spread rather than damping ac-
counts for the energy-density decay since the volume in-
tegral of the perturbation energy is nearly conserved, as
discussed below.
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FIG. 1. Schematic view of the plasma device used for excit-
ing and diagnosing force-free propagating electromagnetic
pulses (illustrated in a highly idealized manner).
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FIG. 2. Contours of constant perturbed magnetic energy
density B?(0,y,z,t)/2uo at different times ¢ after drawing a
150-A, 0.5-us current pulse from a plane electrode (Bo not in-
cluded). The perturbation propagates as a whistler wave pack-
et along Bo.

The topology of the time-dependent three-dimensional
field is illustrated in Fig. 3 by various two-dimensional
projections. Figures 3(a) and 3(b) display magnetic-
field lines and vectors, respectively, in the central y-z
plane. The major feature is a finite-length solenoidal
field (10<z <30 cm) closed via two magnetic vortices.
Weaker features include magnetic islands of alternating
vorticity (e.g., at y=—15 cm, z=30 and 45 cm) aligned
along a diverging path from the exciter. Figures 3(c)-
3(f) show projections of the fields into a transverse x-y
plane at z =15 cm. Based on the probe dimensions and
data-point spacing (1.5 cm), structures of scale A/ =2
cm are properly resolved. The magnetic-field lines [Fig.
3(c)] exhibit a large central vortex which is created by
axial plasma currents, J, > 0. Note that the vorticity
reverses sign at the periphery, indicating the presence of
axial return currents, J, <0. The current density
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FIG. 3. Spatial characteristics of the propagating fields at a
fixed time 1 =0.6 us. (a) Magnetic-field lines and (b) magnet-
ic vectors B(r,7) projected into the y-z plane (x =0) showing a
cut through a localized solenoidal field. (c) Magnetic-field
lines projected into the x-y plane transverse to the solenoidal
field at z=15 cm. The spiraling poloidal field is linked with
the solenoidal field. (d) Current density J =V x B/uo, projected
into the same x-y plane, suggesting field-aligned currents. (e)
The vector potential A, calculated from J, projected into the
x-y plane. (f) Magnetic-field lines calculated via B=VxA
showing excellent agreement with the measured magnetic field

(c).

J =V xB/uo, projected into the transverse x-y plane [Fig.
3(d)], has the same topology as the magnetic field, sug-
gesting that J and B are approximately parallel. Again,
the current at the periphery is opposite to that at the
center. The transverse current [Fig. 3(d)] gives rise to
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the axial solenoidal magnetic field [Fig. 3(b)] which in
turn is nearly parallel to the axial current density. Thus,
both magnetic field and current density form linked vor-
tices. The configuration can be modeled by two helical
field-current systems: one near the center of the pulse
and a reverse one near the periphery. Their fields cancel
at large distances, consistent with the fact that the wave
energy is localized in a bounded wave packet.

In order to determine magnetic helicity and induced
electric fields, the vector potential has been calculated
from first principles via

A® =Go/an) [ [ [ le—rNav’

[Fig. 3(e)] using the available data which includes most
of the currents of interest. Currents outside the volume
mapped do not appear to be as important as those com-
posing the central current system. This is confirmed by
calculating Vx A [Fig. 3(f)] and finding good agreement
with B in direction [Fig. 3(c)] and magnitude (not
shown) as expected from the definition VXA =B. The
magnetic helicity density A-B (see Fig. 5, inset) is local-
ized to the wave packet and propagates similarly to the
magnetic energy density B-B/2uo. On axis, the major
contribution to the helicity comes from A.B;; off axis it

is from A,By+A,B,.

The inductive electric field, E;= —9A/dt, projected
into the x-y plane (z=15 cm) is shown in Fig. 4(a).
The E field exhibits a curl which changes sign as the axi-
al flux through the x-y plane, [ [B, dxdy, varies during
the pulse propagation. The axial component of the in-
ductive electric field, —8A4./dt, shown in Fig. 4(b), is as-
sociated with the time variation of (By,B,). In addition
to the inductive field, there must be a space-charge elec-
tric field since the collection of electrons at the electrode
creates a significant local charge imbalance (AQ 210"
xe). Although this field contribution has not been mea-
sured directly, it can be reasonably estimated as follows:
The component of the current density along the local to-
tal magnetic field, JlIB,y, is predominantly a conduction
current (v,;=3x10°® Hz< Wpacket =1.3% 107 rad/s)
which is related via Ohm’s law to the net electric field
(space charge plus inductive) by E;=mnJ;, where
mi=mve/ne’ is the Spitzer resistivity (;=6%10"2
Qcm). The lack of significant wave-energy loss (shown
in Fig. 5 and discussed below) justifies the assumption of
classical resistivity. The net electric-field component
across the local magnetic field By, is found from E ;
=JxB,y/ne, assuming that polarization currents are
negligible in comparison to Hall currents (o< ).
Combining E; and E, yields the three-dimensional vec-
tor field E= —V¢ —8A/dt. Figure 4(c) shows its projec-
tion (E,,E,) into the x-y plane and Fig. 4(d) displays
the much smaller £, component in the same plane
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FIG. 5. Time dependence of the magnetic energy Un

=[[B(r,t)/2uoldV and helicity Kn.=fA(r,z)-B(r,t)dV

FIG. 4. Electric fields at a fixed time in the x-y plane at
z=15 cm. (a) Projection of the inductive electric field
—9(A,,A4,)/9t. (b) Axial component —9A./d: displayed
along the =y direction. (c) Total electric field, E=—V¢
—dA/dt, projected into the x-y plane. (d) Axial component
E: displayed along the * y direction (note change of scale).

within the measurement volume (30%30%60 cm?), showing
approximate conservation of U, and K, during the propaga-
tion of the electromagnetic pulse. The externally measured
current wave form is also shown for comparison. Inset: Con-
tour plot of magnetic helicity density A(r,z)-B(r,z) (80
GZcm/contour) at t =0.6 us in the same x-y plane as in Figs.
3(c)-3(f). It is localized similarly to B%/2uo (Fig. 2).
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(E, >0 drawn in the +y direction, E; <0 in the —y
direction). The irrotational electric field, — V¢, may be
found by subtracting the rotational contribution,
—9dA/9dt, from the total field. Since it is observed that
|Ey| < |8A/8t| [note the order-of-magnitude scale
change in Figs. 4(b) and 4(d)], the large inductive elec-
tric field along By must be canceled by a comparable
space-charge electric field. The center of the magnetic
pulse must therefore assume a large positive potential
(fV¢-dl=+100 V) which is comoving with the wave.
The perpendicular field E, has rotational and irrotation-
al contributions of comparable magnitudes which, in
general, need not cancel, on account of the low cross-
field conductivity o, < oy.

The magnetic force density JX By, has also been cal-
culated. While the current density J is directed predom-
inantly along the local total magnetic field, |J- Byl
> |JXByo|, there is a pronounced, radially outward
pointing force density in the x-y plane [similar to Fig.
4(c)]. This magnetic force is balanced by electric forces
(Jx By +neE=0). The axial force density is negligibly
small, |JXBio|, < |JXByotlx ., and thus the electromag-
netic field is nearly force free. This conclusion is sup-
ported by two other observations: (1) The pulsed current
has been varied by orders of magnitude (50 mA-150 A)
without observing fundamental differences in magnetic-
field topologies or propagation characteristics. (2) The
intense nonuniform field [B2(r,t)/2uo> nkT,] propa-
gates at a constant speed (a=dv/dt=0) with small
geometric spread determined by whistler wave disper-
sion’ rather than field amplitude.

Finally, the conservation and dissipation of global
quantities (energy, helicity) has been investigated. Fig-
ure 5 shows the volume-integrated energy density
JIB2(r,t)/2uoldV and helicity density [A(r,z)
-B(r,7) dV versus time. For comparison, the time devel-
opment of the externally measured current is also

2014

displayed. In contrast to the local densities, which de-
crease due to wave spread within the ray cone,’ the total
energy and helicity decay slowly, mostly due to wave
propagation out of the finite measurement volume. The
small time delay between helicity and energy is of yet
unknown origin.

In conclusion, the observations presented in this Letter
show the existence of an essentially force-free, intense,
localized electromagnetic field, supported by a collision-
less plasma, consistent with theoretical predictions.®
Such highly nonlinear structures are of fundamental in-
terest (electromagnetic solitons), and of possible
relevance to fusion (rf heating) and space plasmas (elec-
tromagnetic impulse).
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