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In a very large laboratory plasma the process of magnetic-field-line reconnection has
been diagnosed carefully. The temporal evolution of a narrow (~3c/w,,) neutral layer
with Petschek slow shocks is observed. Electrostatic fields are found to be as important

as induced electric fields.

The reconnection of magnetic field lines near
a neutral point is a problem of fundamental im-
portance in space plasmas' (e.g., solar flares,
substorms) as well as in some fusion plasmas
(e.g., tearing modes in tokamaks). However,
in neither of these cases are detailed in situ
measurements possible. We have therefore
built a large, weakly collisional, high-beta re-
search laboratory plasma to explore the physics
of the reconnection process. Such experiments
have been pursued earlier in pinches®™* but, un-
fortunately, the effects were collision dominated
and/or difficult to diagnose. In the present Let-
ter we show the first detailed pictures of slow
shocks near a neutral sheet predicted by Pet-
schek.®

The experiment is performed in a linear device
(Fig. 1) in which a large (~1-m-diam, 2-m-
length), uniform, low-pressure (~10 *-Torr)
discharge plasma is produced with an oxide-
coated cathode and adjacent mesh anode. The
pulsed argon plasma (n,~10"% cm™3, T,~10T;
~4 eV, 0.8-sec repetition rate, 1% duty cycle)
is immersed in a constant, uniform, axial bias
magnetic field (B,~20 G, plasma $=0.4). A
time-dependent transverse magnetic field [ Fig.
1(b)] is established by pulsing an axial current
(< 20-kA peak, ~100-usec rise time) through
two parallel copper electrodes (60 cm wide, 150
cm long, 30-cm spacing). The current returns
via the metallic chamber walls. The vacuum
field geometry contains an X-type neutral point
on the axis of the device, closed (private) flux
inside the separatrix encircling each conductor,
and, dominantly, common flux outside the sep-
aratrix. The peak common magnetic field ex-
ceeds the bias magnetic field by a factor 2 to 10.

Associated with the time-varying transver.se mag-

netic field is an axial electric field E,=-A,
=-3A,/0t (A is the vector potential, B=v x A).
In the presence of plasma the electric field gives
rise to axial currents carried dominantly by
electrons drifting from the cathode end to the
opposing grounded chamber wall. The current
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closes via the walls to the cathode which emits
as many electrons as are collected at the end
plate. The plasma currents modify the magnetic
field topology and the electric fields which, in
turn, determine the current, and hence the sys-
tem evolves self-consistently.

The net electric field in the plasma consists of
the sum of induced and space-charge electric
fields, E=-A—vVg. All three terms have been
measured directly. The induced field is obtained
with a loop probe consisting of two parallel wires
in the radial x direction connected by a short
(Ay =3.8 cm) axial wire along the neutral line.
Thus, the loop links over a distance Ay the total
common flux . The open-loop voltage V outside
the diameter is given by

V=—y==[B,dxAy=—$A-di=-Aay,

and hence A= - V/Ay. Figure 2(a) shows the in-
duced fields in vacuum and with plasma. The ap-
plied wave form in vacuum is governed by circuit
parameters (R,L,C). Typical peak values are
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FIG. 1. (a) Schematic side view and (b) axial view of
the experimental setup.
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FIG. 2. (a) Induced electric fields and plasma cur-
rent I, (b) Common flux in vacuum and plasma.
(c) Langmuir-probe traces at different axial positions.
(d) Transverse electrostatic fields.

0<A,<1V/cm. In the space between the copper
electrodes{iv is nearly uniform. In the presence
of plasma the magnetic field of the plasma cur-
rent I, is superimposed on the vacuum field. Flux
changes due to the time-varying current I,(t) .
cause the difference in observed fields, AU—A‘,
= zpop/Ay zL,fp/Ay (L, is the plasma inductance).
The total common flux per length Ay is readily
found by time integration, y/Ay=[Adt=A. Fig-
ure 2(b) shows the reduced flux buildup in the
presence of plasma. From the difference A
=y,- ¥, and the plasma current, one obtains the
magnetic energy stored in the plasma, W=3AYI,
~Tx10"2J (t ~60 usec).

The electrostatic field is obtained from gradi-
ents in the plasma potential. Floating-potential
measurements are found unreliable because of
the presence of energetic electrons. Using two
radially inserted Langmuir probes, we observe
[ Fig. 2(c)] axial electrostatic fields in opposite
direction to the induced field and of comparable
magnitude, |V@l<A. Thus, the total axial elec-
tric field is much smaller than the applied field.
The latter can be raised well above the Dreicer
field, and yet the observed electron drift velocity
determined with differential one-sided Langmuir
probes remains v, /v, < 0.2. In order to perform
a careful difference measurement, an L-shaped
probe has been constructed which is inserted
radially along ¥ and has a Ay =10 cm long axial
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extension parallel to A so that a voltage fiAy is
induced on it. By rotation of the radial shaft
through 180° the plasma potential ¢, is measured
at two axial points along the neutral line and the
local induced electric field is automatically sub-
tracted, E,=1A¢,/2Ay| ~|1A,]l. These measure-
ments yield typically E,~ 70 mV/cm when A~ 300
mV/cm with E, in the direction of — A, With the
measured current density (j,< 3 A/cm?), the
resistivity n=E,/j,~23 mQ cm is only moderate-
ly enhanced over the classical Spitzer value
(n=~13 mQcm at 5 eV, 102 cm™®). Sampled
Langmuir-probe traces indicate only minor elec-
tron heating (ART,~1 eV) as expected in the ab-
sence of significant anomalous resistivity.

Space-charge electric fields also arise in the
transverse x-z plane as a result of electron E,

x B motion and the fact that ions are unmagnet-
ized. Figure 2(d) summarizes the results of
V.9, measurements. The electric fields point
vertically into the neutral region and horizontally
outward. These fields accelerate the ions and
can be taken as a measure for the fluid drifts.
Since E, > E);, fluid motions are dominantly trans-
verse, Direct measurements of the mass motion
have been performed with orthogonal double-sided
ion energy analyzers. These results will be pub-
lished later.

In the problem of field reconnection, the mag-
netic field topology is of prime interest. Using
two orthogonal magnetic loops we measure, at a
fixed position (x, z), the temporal development '
of the transverse magnetic field. Because of the
high repetition rate (1 Hz) and good reproducibil-
ity (~10%) we perform such measurements at
several hundred points in the transverse plane.
The data acquired by a transient recorder are
fed on line into a computer which subsequently
plots vector maps, contour maps, and topological
views of magnetic fields or currents at any de-
sired instant of time. Figure 3 shows two exam-
ples of direction and magnitude of ﬁ(,), one at
an early time [Figs. 3(a) and 3(b), ¢ =20 usec
= Alfvén transit time from copper conductors to
neutral line], and a second one at =60 usec
[Figs. 3(c) and 3(d)] which is the stationary re-
sult as long as the external current rises (£ .
~100 usec; magnetic field diffusion time 74
~ 300 usec). At early times an X-point field
geometry is clearly visible although the field
lines are much straighter in the x direction than
in the case of the vacuum field where the separ-
atrix intersects at right angles. This flattening
process continues and a broad neutral sheet
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FIG. 3. (a),(c) Vector maps of measured magnetic
fields and (b), (d) contours of constant |B| at different
times during the current rise.

evolves (Fig. 3; note different scales for x and
z). Furthermore, from the contours of constant
magnitude of B [ Figs. 3(b) and 3(d)] one can see
the evolution of slow shocks, i.e., steep gradients
in B on either side (+z) of the neutral sheet. The
full width of the neutral sheet (Az ~2 cm, after
taking the spatial probe response into account)
corresponds to approximately three collisionless
skin depths (¢/w,,=~6 mm) which is comparable
to the distance at which the magnetic Reynolds
number equals unity. In a second experiment at
a reduced bias field (B,=10 G), the neutral sheet
was even thinner (1.5 cm) and longer (20 cm).
Finally, we have investigated the current dis-
tribution both by in situ measurements and by
derivation from the magnetic field measurements
(j=vx B/u,). The first technique involves a dif-
ferential Langmuir probe consisting of two equal
one-sided plane collectors (3 mmX 4 mm) draw-
ing electron saturation current in the £y direc-
tion. The difference current yields directly the
local current density j, in magnitude and direc-
tion. Figure 4(a) shows the observed current
profile across the neutral sheet at one instant of
time. These direct measurements are consis-
tent with calculations from VX B shown in Fig.
4(b). Both data confirm the sheetlike current
structure. During the evolution of the neutral
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FIG. 4. (a) Measured current density across neutral
sheet. (b) Contours of constant j, calculated from the
measured transverse fields, j,=(VXB),/k,.

sheet the current distribution is rather compli-
cated, exhibiting propagation of current channels,
return currents, and significant fluctuations.
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