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Magnetic Field Line Reconnection Experiments 
5. Current Disruptions and Double Layers 

R. L. STENZEL, W. GEKELMAN, AND N. WILD 

Department of Physics, University of California, Los Angeles, California 90024 

In a large laboratory plasma a current sheet is generated in the process of magnetic field line reconnec- 
tion. The stability of the sheet with respect to local current increases is investigated. When the current 
density in the center of the sheet exceeds a critical value, spontaneous local current disruptions are 
observed. The current from the center of the sheet moves out to the sides. Magnetic flux variations in 
regions remote from the current sheet generate an inductive voltage in the current loop that drops off 
inside the plasma in the form of a potential double layer. This leads to particle acceleration with velocities 
much larger than those expected from the steady state electric fields in the plasma. The particle beams 
acquire their energy at the expense of the stored magnetic field energy of the current system. Beam-plasma 
instabilities are generated that dissipate some of the directed kinetic energy and heat the background 
plasma. A model for the mechanism of the current disruptions is formulated. The potential structure leads 
to ion expulsion creating a localized density drop. The associated current drop in an inductive circuit 
drives the potential structure, thereby providing feedback for the disruptive instability. It saturates at a 
total current loss upon which the current system recovers, and the process repeats randomly. Similarities 
and differences to magnetospheric substorm phenomena are pointed out. 

INTRODUCTION 

The stability of current systems in space plasmas continues 
to be of great interest. Impulsive phenomena such as solar flares 
and magnetic substorms are frequently interpreted in terms of 
current disruptions [,41fv•n, 1977; Akasofu, 1977; Syrovatskii, 
1981; Spicer, 1982]. The flux changes associated with modifi- 
cations of a current system lead to inductive electric fields and 
particle accelerations [Heikkila and Peilinen, 1977]. It is impor- 
tant to consider the properties of the entire current system in 
order to understand the coupled electromagnetic processes and 
the plasma dynamics. For example, when the current system 
involves the formation of a double layer, the evolution of this 
localized structure depends on the distant circuit properties 
such as distributed inductances, resistances, and energy sources 
[Smith, 1982]. Detailed observations of magnetospheric current 
systems are very difficult to perform [Roederer, 1979; Poretara, 
1979; Stern, 1977-1, calling for computer simulations [Dawson, 
1981; Hayashi and Sato, 1978; Leboeuf et ai., 1982] and labora- 
tory models [Pod•lorny et ai., 1980; Baum and Bratenahi, 1982; 
$tenzei et ai., 1982a] to provide additional insight. 

Current systems with magnetic null points have been studied 
in the laboratory for many years [Frank, 1976; Ohyabu et ai., 
1974; Baum and Bratenahi, 1980a; $tenzei et ai., 1982b]. In 
many of these experiments it is observed that a phase of steady 
current flow is followed by a disruption of the plasma current in 
the neutral sheet. The plasma is ejected and lost, which termi- 
nates the experiment. The mechanisms leading to such disrup- 
tions are not well understood. Anomalous resistivity [Baum and 
Bratenahi, 1980a], double layers [Baum and Bratenahi, 1980b-I, 
and tearing modes [Bulanov and Syrovatskii, 1976] have been 
proposed but not confirmed owing to diagnostic difficulties 
with high density (n e _• 10 •5 cm-3), pulsed (t • 1-10/•s), small 
(• 1 cm x 5 cm) plasmas. Since detailed diagnostics is a major 
motivation for performing modeling experiments, we have de- 
signed and operate a reconnection experiment at lower den- 
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sities (•<10 •2 cm-3), larger scale lengths (,,-30 cm x 80 
cm x 200 cm), and longer pulse durations (200/•s). With the 
help of a digital data acquisition system we have studied the 
space time evolution of the magnetic fields [Stenzel and Gekei- 
man, 1981a], the plasma parameters [Gekeirnan and Stenzei, 
1981], the fluid dynamics [Gekeiman et ai., 1982], and the 
energy flow [Stenzel et ai., 1982b]. In the present paper, we 
continue the sequence by presenting detailed observations of 
current disruptions with double layer formation reported 
briefly in a recent Letter [Stenzei et ai., 1982a]. 

Spontaneous current disruptions are observed in the center 
of a neutral sheet when the local current density exceeds a 
critical value. The disruptions are localized, i.e., the current is 
diverted to the sides of the neutral sheet. The associated flux 

changes produce an inductive voltage in the circuit that drops 
off at the locations of the current disruption, i.e., inside the 
plasma, in a thin layer (d • 100 2D). At this double layer, 
particle beams are generated with energies corresponding to 
the inductive voltage that far exceeds the dc circuit voltage. 
Thus, at the double layer the conversion of magnetic to ki.netic 
energy takes place. It is interesting to note that most of the 
available magnetic energy is stored remotely in the external 
circuit rather than locally in the neutral sheet. Similar situ- 
ations may also arise in space as discussed by Spicer [1982]. 
The rapid ejection of particles at the double layer lowers the 
local plasma density, hence current density that drives the 
disruptive instability. 

The observed current disruptions and double layers involve 
coupled electric and magnetic phenomena. They are three di- 
mensional and nonstationary. They depend on the magnetic 
field topology: disruptions are seen for a neutral sheet but not 
for a magnetic island. Hence, they differ in many respects from 
the current fluctuations associated with purely electrostatic 
double layers [Iizuka et ai., 1982] but have some similarity to 
current chopping of arc plasmas [Tuma and Ware, 1968; 
Torv•n and Babi•, 1975]. 

EXPERIMENTAL ARRANGEMENT 

The reconnection experiments are performed in a cylindrical 
vacuum chamber (1.5 m diameter, 2 m length) in which a low 
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Fig. 1. Schematic view of the experimental setup. (a) Cross section of the cylindrical chamber showing the two flat plates 
with pulsed axial currents I s that return on the chamber wall. Typical magnetic field lines in vacuum indicate the presence of 
an X point on axis. (b) Side view of the device with characteristic fields and currents. Note the presence of adc axial magnetic 
field component By o in addition to the transverse fields Bl(t). The discharge plasma is produced with the 1 m diameter hot 
cathode at the right, the plasma current l•,flows to the end anode at the left, which is modified as shown in Figure 2. 

pressure (p <• 10 -'• torr, A, H2) discharge is produced with a 
one meter diameter oxide-coated cathode (Fig. 1). The emission 
properties of this special cathode provide a high quality labora- 
tory plasma of the following properties' Uniformity over large 
scale lengths (An/n _• 10% over 80 cm across Bo, 180 cm along 
Bo), nearly collisionless, high beta parameters (density ne <• 
10 •2 cm -3, temperature kT• _• 10 eV, electron-ion mean free 
path lei-• 200 cm, axial magnetic field Bo-• 12 G, fi = 
nkT/(B:/2#o) _• 2], high repetition rate (t,ep -• 2 s), and good 
reproducibility (6n/n •< 5%) of the pulsed discharge (V•i , _• 40 
V, /dis --• 1500 A, tdi s --• 5 ms). The discharge pulse length is 
more than sufficient to reach steady-state plasma conditions, at 
which time the reconnection experiment is initiated. This in- 
volves establishing a transverse magnetic field B•_ = (Bx, B:) 
with null point. Note that we have adopted x, y, z coordinates 
commonly used for the magnetotail where the y direction is 
along the separator, x is along the neutral sheet, and z is normal 
to it. A large sinusoidal current pulse (ls-• 20 kA, rise time 
t,-• 100 #s) is drawn axially through two parallel aluminum 
plates (75 cm wide, 33 cm spacing, 180 cm length) located on 
top and bottom of the plasma column. The plates are insulated 
from the plasma that is confined to the space between them. 
Axial and average transverse magnetic fields are of comparable 
strength. 

The transverse magnetic field geometry in vacuum is shown 
schematically in the cross sectional view of the device (Figure 
la). Without plasma there is an X type neutral point on the axis 
of the device. However, with plasma, axial plasma currents are 
induced (I•, •> 1000 A) that modify the magnetic field topology. 
The self-consistent current distribution and field topology can 
result in the formation of a classical neutral sheet [Dungey, 
1958]. The plasma current driven by inductive and space 
charge electric fields (E = - A - V•b•,) is mainly carried by the 
electrons. During the initial phase of external current rise 
(dls/dt > O, 0 < t •< 100 #s) the electrons drift from the cathode 
toward the end anode. The current closes via the grounded 
chamber walls to the cathode. No net current flows to the 

insulated plates or the radial chamber walls which are well 
separated from the plasma column. 

The cathode emits as many electrons as are collected at the 
end plate so as to maintain approximate space charge neu- 
trality. However, as the applied inductive electric field (J •< 0.5 
V/cm) can exceed the classical runaway field [Dreicer, 1959] 
(E• -• m•v•i v•/e _• 0.1 V/cm, where v•: = 2kT•/me) and the 
space charge limited emission [Langmuir, 1929] does not pro- 

vide for current densities j >• nev e the plasma sets up an axial 
space charge electric field -V•b•, opposite to the induced field. 
This shielding effect limits the electron drift to vd < re, at least 
on the average over the entire plasma cross section. Lack of 
additional ionization due to burn out of neutrals [Gekelman 
and Stenzel, 1981] limits the average current density. Locally, 
however, the current density can be enhanced at the expense of 
the surrounding values. Of particular interest is the stability of 
a current sheet when the current density at its center is steadily 
increased. This situation seems to occur in the build-up phase 
of a magnetic substorm in the magnetotail [McPherron, 1979]. 

In order to control the local current density in the neutral 
sheet the end anode is modified. As shown schematically in 
Figure 2 the central section (6 cm x 13 cm) of the large ground- 
ed end anode (32 cm x 75 cm) is separated and connected to an 
external dc supply. When the positive supply voltage Vad c is 
increased, the current Io to the center plate rises while the large 
end plate current decreases. In order to avoid generating gradi- 
ents during the plasma production the small anode is grounded 
via a diode until the reconnection experiment begins, at which 
time the dc supply is switched on via a silicon controlled 
rectifier. 

Both external measurements of currents and voltages are 
performed as well as internal diagnostics of plasma and field 
properties. Space and time resolved data on density temper- 
ature, particle distributions, potentials, magnetic fields, and 
instabilities are obtained from Langmuir probes, magnetic 
loops, rf probes, and a novel directional energy analyzer [Sten- 
zel et al., 1983]. A digital data acquisition system consisting of 

END PLATE 

CENTER• •-• •NEUTRA 

PLATE I•••...••U•RS•NEET';"-'" L 
Fig. 2. End anode modified for the disruption experiments. Cen- 

tral section (6 cm x 13 cm) can be biased positively with respect to the 
grounded large (32 cm x 75 crn) end plate. With this arrangement the 
current density in the neutral sheet center can be raised until limited by 
disruptive instabilities. 
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Fig. 3. Typical transverse magnetic field topologies B•(x, y) in the 
reconnection experiment. (a) Neutral sheet. (b) Magnetic island. 
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fast analog-to-digital converters, minicomputer, array proc- 
essor, and data link to a large off-site computer is used for 
processing field and distribution function measurements. 

EXPERIMENTAL RESULTS 

Before describing the observations of current disruptions, it 
is helpful to show the basic magnetic field topology of the 
experiment. ,Figure 3 shows measured vector fields of the trans- 
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Fig. 4. Current I.( o to the center end plate at different dc supply 
voltages Vaac- With increasing currents, spontaneous disruptions devel- 
op that can lead to a total current loss. 
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Fig. 5. Comparison of the unstable end plate current la½ n for (a) 

one and (b) several repeated experiments, indicating the randomness in 
amplitude and timing of the disruptions. 

verse field components B• - (Bx, B:) in the transverse x-z plane 
(y = 137 cm) at a fixed time t-• 30 #s during the external 
current rise. The data are obtained from repeated experiments 
and represent ensemble averages over ten shots at each of the 
350 positions. Fluctuations around the mean values are the 
subject of a separate investigation [Gekelman et al., 1983]. 
Figure 3a shows the classical neutral sheet topology. It is 
associated with a current sheet Jy = (V x BOy/#o flowing axi- 
ally along the uniform By field. This is the characteristic field 
topology in the parameter regime of the present experiment. 
However, it is not the only self-consistent configuration of field 
and current distributions. Figure 3b depicts a condition where 
the plasma current is concentrated near the center of the 
column rather than in an elongated sheet. The magnetic field 
topology is that of a magnetic island with an adjacent X point 
at each side. This field configuration can arise through tearing 
of the neutral sheet [Furth et al., 1963]. It is readily observed in 
the presence of a strong axial field component By that, however, 
is not employed in the current disruption experiments. Island 
formation may also occur when the current profile is controlled 
by a special configuration of the end anode, as is the case in the 
experiments described below. 

Current Disruptions 

We first describe the current voltage characteristics of the 
neutral sheet system perturbed by the biased small end plate. 
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Fig. 6. Currents to the small and large end plates (a) in the absence of disruptions and (b) with disruptions. Note change 
in scale for Io to 100 A/div in Figure 6b. Comparison of the unstable currents shows that a current drop in Io results in a 
corresponding increase of I e such that the total plasma current is nearly constant. 

Figure 4 shows single shot traces of the end plate current I, 
versus time at different applied dc potentials Vadc. For Vadc = 0 
the entire end anode system (Figure 2) is an equipotential 
surface. The currents to the large and small end plate have 
similar waveforms and differ only in magnitude owing to the 
different collecting areas. The sinusoidal current waveform is 
the response to the applied inductive electric field E i oc cos •ot 
for 0 < t < •/2•o _• 100 #s. When the electric field changes sign 
(100 % t <• 200 #s) the plasma current reverses and flows to the 
gridded anode adjacent to the cathode (Figure lb). The plasma 
potential near the end anode becomes highly positive such that 
no end anode current can flow. Potential profiles have been 
shown earlier in Figure 8 of paper 2 [Gekelman and Stenzel, 
1981]. 

When, by raising the bias voltage V•a½ the small end plate 
current I, is increased, the smooth current waveform develops 
repeated drops. With increasing peak currents the pertur- 
bations become more frequent, shorter in duration and larger 
in amplitude, eventually approaching total current disruptions. 

The random nature of the current disruptions is demon- 
strated in Figure 5. While a single shot trace such as shown in 
Figure 5a may give the impression of a clearly periodic disrup- 
tion process, the superposition of three traces in Figure 5b 
indicates a rather random behavior in timing and amplitude of 
the spontaneously occurring disruptions. Only the first current 
drop is reproducible, reflecting the high shot-to-shot repro- 
ducibility of the initial plasma parameters. 

The disruption of a few hundred amperes of current to the 
center plate does not, surprisingly, affect the cathode current. 
Thus the disruption involves a current redistribution rather 

than a net current loss. The only alternate path for the per- 
turbed current is to flow to the large grounded end plate. 
Figure 6 shows current waveforms for both the small and the 
large end anode. For V•a• = 0 there are no disruptions (Figure 
6a), but with positive bias both the center plate current and the 
large end plate current exhibit current pulses. These are of the 
same magnitude (note a scale change to 100 A/div. for I• in 
Figure 6b), but of opposite phase, i.e., the current lost by the 
small anode is gained by the large anode. Thus, the sum of both 
currents that make up the total induced plasma current re- 
mains essentially constant. The current must branch some- 
where in the plasma during the disruption. By in situ measure- 
ments the location and mechanism of the current disruption 
will be established. 

Before describing the results of the plasma diagnostics, we 
point out another property of the current flow. When the large 
end anode is disconnected from ground, the plasma current can 
flow only to the small end anode. Analogous to Figure 4 we 
show in Figure 7 the current waveforms I•(,) at different dc 
potentials V•a•. There are no current disruptions observed even 
for peak currents I .... '• 600 A, exceeding twice the value at 
which previously total disruptions occurred. With the current 
concentrated near the axis the magnetic field topology is that of 
a magnetic island similar to Figure 3b. This configuration is 
stable, in contrast to the neutral sheet topology (Figure 3a). 

Plasma Potential 

A small plane Langmuir probe has been placed radially into 
the plasma near the end anode. Inserted through bellows the 
probe can be moved in all three dimensions so as to provide 
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space-time information of the plasma potential, density, and 
temperature. 

Starting at the small end anode we observe its potential with 
respect to ground during current disruptions. Figure 8 shows 
both waveforms, current I,(,), and voltage V,( 0, from two similar 
shots. At every current disruption the anode voltage exhibits a 
sharp peak that can exceed the applied dc potential by a factor 

600 
A 

400 

2• 

iraraDii 

TIME t ( 20 ps/di v ) 
Fig. 7. Small end plate currents I.• o at different supply voltages 

Vad c. In contrast to Figure 4 the large end plate is floating (I e - 0) so 
that the entire plasma current flows to the center plate, resulting in a 
magnetic island topology. No current disruptions are observed. 

ARGON 

Vod c - 10 V 
10 -4 TORR 

TIME t ( 10 ps ec/div) 
Fig. 8. Disrupted center plate current lact) (top trace) and instanta- 

neous plate voltage V.(,) (bottom trace) measured in situ. At each 
disruption a voltage spike is generated owing to the distributed circuit 
inductance L. Note that Ldl•/dt >> Vadc = 10 V. 

of 5 to 10. These voltage spikes are caused by inductive effects 
that modify the instantaneous plate voltage to become V•(,) = 
V•d ½ - Ldl•(,)/dt. The inductance L in our experiment is not a 
lumped circuit element but represents the distributed induc- 
tance of the current path between the plate and ground. It is 
inherent to any extended current system. From the data we 
estimate its value to be L = V• At/AI _• 50V 5#s/250A -- 1 #H, 
which is a realistic value for the geometry of our circuit and the 
internal inductances of the high current switch and capacitor 
bank inside the dc supply. 

It is an important question how the large positive anode 
potential joins to the normally much lower plasma potential. 
Figure 9 describes the temporal behavior of the plasma poten- 
tial at a position Ay _• 5 cm on axis in front of the small end 
anode. Owing to its good reproducibility we concentrate on the 
first disruption, although it is only a partial disruption (AI• 
/I• •_ 50%). The top trace of Figure 9a shows the current 
waveform I,(,), and below it the timing of three rapidly swept 
Langmuir probe traces Iv(,), one before the first disruption 
(t• -• 15 #s), the second during the current minimum (t 2 _• 25 
#s), and the last one after the disruption (t 3 -• 35 #s). Expanded 
views of the probe traces are shown in Figure 9b, together with 
the probe voltage ramp Vv(,) on the top trace. The plasma 
potential, identified by arrows at the knee of the Langmuir 
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Fig. 9. Temporal variations of the plasma potential during current disruptions as derived from rapidly swept Langmuir 

probe traces. (a) Center plate current (top trace) with first disruption at t -• 25 #s and three probe traces taken before, during, 
and after the disruption. (b) Expanded view of the three probe currents together with the probe voltage ramp (top trace). The 
plasma potential •bp indicated by arrows shows a large increase during the disruption. (Ay -• 5 cm). 

probe characteristics, shows a dramatic increase during the 
current disruption to •b•,-• 50 V. The local plasma potential 
increases together with the plate potential such that the induc- 
tive voltage does not drop off in an anode sheath but some- 
where well within the plasma. It is also interesting to note that 
during the disruption the electrons exhibit a large energy 
spread (AE -• 50 eV) with high-energy particles, forming a non- 
Maxwellian tail. Velocity distribution functions will be present- 
ed further below. 

The spatial distribution of the plasma potential has been 
mapped during the current disruption. Figure 10 shows the 
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Fig. 10. Spatial variation of the plasma potential during a current 
disruption (t _• 25 #s). (a) Langmuir probe voltage Vp (top trace) and 
currents I• at three different axial distances Ay from the end anode. 
Multiple traces show repeatability and fluctuations. (b) The plasma 
potential •b•(ay) indicated by arrows in (a) drops off axially in a narrow 
region (d -• 5 mm -• 100 •'D), forming a potential double layer. The 
inductive circuit voltage rather than the dc voltage determines the 
double layer potential (A•b• _• Ldl/dt). 

axial dependence •b•,(y)in the direction of B. Again, the plasma 
potential is derived from Langmuir probe traces lp(Vp) (Figure 
10a) swept out rapidly during the current minimum. Multiple 
shot traces are shown to indicate the reproducibility and accu- 
racy of the potential measurements. The potential is found to 
drop off rapidly in a highly localized region at Ay _• 6 cm from 
the end anode (Figure 10b). The width of the potential step is ,: 

approximately d •-5 mm •_ 100 •D, resulting in a localized 
electric field Ack/d -• 60 V/cm. The transition has the character- 
istic properties of a potential double layer [Block, 1978' Scha- 
rnel, 1982; Torvbn, 1979' Quon and Wong, 1976; Stenzel et al., 
1981]; however, it is non-stationary, three dimensional, and 
embedded in a nonuniform magnetic field. The strong fluctu- 
ations in the probe traces at the double layer (Figure 10a, 
middle trace) are due to fluctuations in the position of the 
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Fig. 11. Spatial variation of plasma potenial •b•(:) and electron 
density ne½:• in the transverse direction across the perturbed current 
channel (x -• 0, Ay -• 4 cm). The density loss caused by ion expulsion 
from the positive potential region is thought to be responsible for the 
current drop. 
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Fig. 12. Center plate current I,,(,) (top trace) and inductive electric 

field E i =-gAylOt inside the plasma (x = z = 0, Ay = 4 cm). The 
latter is obtained from a large magnetic loop (3 cm x 25 cm) measuring 
the time rate of change of the perturbed transverse flux per axial length, 
d•/dy = Ay. 

double layer. At the low potential side (Ay > 6 cm), significant 
low-frequency (0.2-2 MHz) density fluctuations are visible, and 
at the high-potential side, tails in the electron distribution are 
apparent. 

In the transverse direction the potential distribution •b•,(z) at 
Ay •_ 5 cm, x = 0 is as shown in Figure 11. The large positive 

plasma potential extends over a region slightly smaller than the 
height of the small anode (Az = 6 cm). Similarly, in x direction 
the potential hill has a width approaching the plate width 
(Ax = 13 cm). The Langmuir probe traces have also been ana- 
lyzed to obtain the electron density. As shown in Figure 11 a 
strong density depression is found in the high potential region. 
The density loss is due to transverse and axial potential gradi- 
ents -V•b•, that accelerate the essentially unmagnetized ions 
away from the high-potential region. The density loss associ- 
ated with the ion expulsion is the main reason for the current 
loss to the end anode. 

It is interesting to note that the potential drop is localized in 
a single strong double layer rather than in a series of weak 
double layers (eck/kT -• 1). The latter should be possible since 
the conditions for ion acoustic double layers [Sato and Okuda, 
1981] are readily satisfied, i.e., Te >> T• and the system length 
(L-• 2 m) is very large compared with the Debye length 
(L/2D --• 40,000). 

While the present discussion has been concentrated on the 
electrostatic fields associated with plasma potential gradients 
(Ee = -V4•,) there are also inductive electric fields inside the 
plasma, Ei=-•A/&, where A is the vector potential 
(V x A = B). These can be measured with a long rectangular 
loop probe which links the magnetic flux q• in the x-y plane 
[Stenzel et al., 1982b]. The short wire section (Ay _• 3 cm) is 
placed along the axis, the long parallel wires are leading out in 
the x direction. The open loop voltage V• yields the predomi- 
nantly axial inductive electric field, -,4y = -•b/Ay = V•/Ay. 
Figure 12 shows the waveforms of the disrupted current (Figure 
12a) and the inductive electric field -Ay in the perturbed 
current channel (Ay-• 4 cm). One can see enhanced electric 
fields during disruptions that are directed so as to accelerate 
electrons toward the plate and ions away from it. 

Although much smaller than the highly localized elec- 
trostatic field of the double layer, the inductive electric field 
contributes owing to its larger spatial extent to the particle 
energization. With increasing distance from the current disrup- 
tion region the magnetic perturbations decrease, disperse, and 
assume a turbulent character to be discussed further below. A 

detailed study of the three-dimensional time varying magnetic 
field topology in the disruption region has not yet been per- 
formed. 
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Fig. 14. Electron distribution functions during current disruptions (a) at the low potential side and (b) the high potential 
side of the double layer. The population of free electrons accelerated to energies «mvy 2 - eA4)p -- 35 eV is clearly visible. 

Particle Distributions 

Formation of double layers in collisionless plasmas generally 
involves non-Maxwellian velocity distribution functions. Since 
transport processes and instabilities strongly depend on the 
shape of the distribution function, its measurement is important 
for the understanding of current disruptions and impulsive 
reconnection events. 

In order to measure anisotropic velocity distribution func- 
tions with a particle detector, it has to have directional sensitiv- 
ity. Regular Langmuir probes or retarding potential energy 
analyzers are not suitable since they integrate the particle flux 
over a wide range of angles in velocity space. Directional 
curved plate energy analyzers commonly used in space plasma 
experiments [Sanderson and Henrion, 1975] must have dimen- 
sions on the order of a Debye length, which is difficult to 
achieve in dense laboratory plasmas. Recently, we have devel- 
oped a directional ion energy analyzer based on geometric 
filtering with microchannel plates [Stenzel et al., 1982c]. A 

similar detector modified for electron velocity analysis is shown 
schematically in Figure 13. 

A metallic microchannel plate containing a multitude of long 
(1.5 mm), thin (0.2 mm diameter) parallel holes is biased to the 
local plasma potential. Electrons with velocities within a 
narrow cone (A0 •_ 8 ø, Af• •_ 1.7 x 10-2 sr) can pass through 
the holes; all others are collected at the channel walls. The 
energy of the nearly parallel moving particles is analyzed by a 
plane retarding potential energy analyzer consisting of two 
grids and a collector. The direction of the velocity analyzer can 
be varied continuously from parallel to perpendicular to B so 
as to obtain f(vll, v•_). Except at low energies (E •< 1 eV) the 
perpendicular electron Lamor orbit can still be analyzed due to 
the small channel dimensions and the low magnetic field 
strength. 

Figure 14 shows electron distribution functions measured at 
the low potential side (Figure 14a) and the high potential side 
(Figure 14b) of the double layer. One can clearly see the evolu- 
tion of a high-energy tail of electrons accelerated at the double 

= ø 
0 ø 
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Fig. 15. Ion energy analyzer traces taken at the low-potential side of the double layer (Ay •_ 8 cm) during a current 
disruption (t - 25 #s). Top trace: retarding grid potential (0.5 #sec/div). Bottom traces: collector currents with the analyzer 
pointing toward the double layer (4• = 180 ø) and away from it (4• - 0ø) ß The large ion flux from the double layer is due to ion 
acceleration up to «mi v2 • eA•bp _• 35 eV. 
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Time t (10 ps/div) 
Fig. 16. Dual trace display of the disrupted center plate current lact) and the microwave emission observed with an rf 

probe in the high potential region (Ay _• 6 cm). Bursts of electron plasma waves (to • tope) are excited by beam-plasma 
instabilities associated with the formation of double layers during current disruptions. 

layer («my 2 •_ eAckv •-35 eV). The energetic particles have a 
beamlike distribution that excites electron plasma waves to be 
discussed below. The tails also carry most of the plasma cur- 
rent, determine the average kinetic energy, and the energy flow. 
The fast electrons have acquired their energy from the stored 
magnetic field energy released during the current disruption. 

While electrons at a double layer are accelerated toward the 
high potential region, ions are energized into the opposite 
direction. This is confirmed by placing an ion energy analyzer 
into the low potential region (Ay •_ 8 cm) and by observing the 
ion flux toward and away from the double layer. The current 
voltage characteristics of Figure 15 indicate that ions streaming 
away from the double layer (•b = 180 ø) have energies up 
to • 35 eV corresponding to the potential step. The ion flux in 
the opposite direction (•b = 0 ø) is lower and consists of cold ions 
that will be reflected by the double layer. The large outflow of 
ions from the high potential region leads to the observed den- 
sity loss and current drop. The accelerated ions also have 
gained their energy on expense of the stored magnetic field 
energy that builds up during the initial plasma current rise. The 
directed kinetic energy is eventually randomized by collisions 
and wave-particle interactions. 

M icroinstab ilities 

The acceleration of electrons and ions at a double layer 
forms particle beams whose free energy can drive various insta- 
bilities. On the high-potential side, electron plasma waves are 
excited by the electron beam. These are observed with a mov- 
able short wire rf probe connected to a microwave receiver. 
Figure 16 shows dual traces of the small end plate current l,tt) 
and the plasma wave emission. At every current disruption a 
burst of microwave emission is detected. By analyzing the 
frequency spectrum the emission is found to be near the local 
electron plasma frequency (f•fve •-- 5 ... 7 GHz). A spatial 
scan shows that the signals are only observed in regions where 
the accelerated free electrons are present. These features are 
consistent with the beam-plasma instability studied earlier in 
this device by electron beam injection [Whelan and Stenzel, 
1981]. They have also been observed in various other double 

layer experiments [Leung et al., 1980; Sato, 1982; Lindberg, 
1982; Hollenstein and Guyot, 1982]. 

On the low-potential side of the double layer an enhanced 
level of low-frequency fluctuations is observed. Streaming ions 
and drifting electrons provide free energy for instabilities. These 
involve density fluctuations as pointed out in Figure 10a 
(bottom trace) but also magnetic field fluctuations in a high 
beta plasma [/• = nkT/(B2/2#o)• 1]. Figure 17 shows mag- 
netic probe signals B,,(t) at Ay •_ 30 cm together with the center 
end plate current I•(,). In the presence of current disruptions 
(Figure 17a) the fluctuation level is high while at low or zero 
currents (I• = 0, Figure 17b) the magnetic fluctuations are 
greatly reduced. The frequency spectrum (f_• 0.2 - 1 MHz) is 
above the lower hybrid frequency (O)ce '• O)ce TM O)ci 1/2'• 
2n x 0.13 MHz) but well below the electron cyclotron fre- 
quency (%e •-- 2n X 35 MHz), i.e., at the low end of the whistler 
wave branch. Extensive cross-correlation measurements of 
magnetic turbulence in the current sheet have identified the 
modes to be oblique whistlers [Gekelman et al., 1983]. Elec- 
trostatic low-frequency fluctuations exhibit a dispersion curve 
of ion acoustic modes [Stenzel and Gekelman, 1981b]. The exact 
excitation mechanisms for these instabilities still have to be 
determined. 

DISCUSSION 

The different observations of the disruption phenomenon 
form the basis for a physical model outlined schematically in 
Figure 18. Triggered by a temporary current drop in the center 
of the current sheet an inductive voltage Ldl•/dt develops. It 
increases the plasma potential •b v in the perturbed current 
channel and generates an inductive electric field -Ay both of 
which would normally restore the current loss. However, when 
the electron drift velocity approaches the thermal velocity and 
the density cannot be raised by additional ionization, the cur- 
rent density becomes limited. A double layer forms with a 
potential drop corresponding approximately to the inductive 
loop voltage. The electric field accelerates electrons toward the 
small end plate but ejects ions away from it. The latter causes a 
net density loss which, in turn, lowers the current density. Thus, 
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(a) With current disruptions 

(A) 

( b) No disruptions 

Time t (20 psec/div. ) 
Fig. 17. Magnetic fluctuations associated with current disruptions. 

(a) Magnetic probe signal/Jx•,• at Ay -• 30 cm and center plate current 
I,•,) with disruptions (v) Background magnetic noise at I, = 0. 

an unstable feedback loop is established: A current decrease 
builds up an electric field which further lowers the current. This 
negative resistance leads to an impulsive current loss. The 
process is driven by the stored magnetic energy and retarded by 

ion inertia. The time scale of the current collapse is on thøe order 
of an ion transit time through the perturbed current channel 
(At • L/(v) • 6 cm/6 x 105 cm/s _• 10 #s). After the current 
has reached its minimum the process reverses, i.e., the plasma 
potential is lowered so as to attract ions that builds up the 
plasma density and current I,. 

Although the largest particle acceleration is due to the strong 
electric field of the double layer, there are other electromagnetic 
forces acting on the particles. An inductive electric field -/ly 
exists generated by the magnetic flux changes inside the plasma. 
The magnetic force density j x B gives rise to transverse jetting 
of plasma in an X type magnetic field topology. The loss of 
current changes the field configuration from a neutral sheet to 
that of an X point (V x B = 0). If initially a magnetic island is 
present the j x B force is stabilizing and no current disruptions 
are observed. 

Thus the observed current disruption with double layer for- 
mation in a high beta plasma represents complicated coupled 
electric and magnetic processes that are three-dimensional and 
time dependent. Present double layer theories have not yet 
considered such cases. 

It is interesting to speculate whether the presently observed 
phenomena can occur in related laboratory experiments or in 
space plasmas. For example, in a neutral point discharge 
Ohyabu et al. [1974] observed a short-duration drop in plasma 
current and an associated voltage pulse between anode and 
cathode grids. The external circuit inductance appears essential 
in explaining the voltage pulse (AV = Ldl/dt). Electrons and 
ions with energies corresponding to the voltage pulse are ob- 
served but explained by turbulent heating rather than localized 
potential structures. These are difficult to observe in dense 
pulsed plasmas but may very well exist. 

In space plasmas the observational difficulties of identifying 
double layers and current systems are even larger than in 
laboratory plasmas so that comparisons are somewhat specu- 
lative. Nevertheless, models of electrical circuits with double 
layers have been proposed for space plasmas [Alfv•n, 1977; 
Carlqvist, 1982; Spicer, 1982]. Carlqvist [1972] describes the 
evolution of a double layer from a density depression in a 
current carrying plasma. Although in the present experiment 
the disruption is near an electrode it could also have developed 
at other regions where an initial density depression or magnetic 
field nonuniformity existed. Such conditions are not unlikely to 

Double Layer 

Dis tributed L d t 
Inductonce X r .... ---., 

• ', 

, Ip = const. 

Fig. 18. Schematic diagram of the important elements in the physical model for the disruptive instability (see text). 
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exist in magnetospheric current systems. Several features of the 
observed disruptive instability have similarities to substorm 
phenomena: (1) Current redistribution and release of stored 
magnetic field energy. (2) Particle energization to levels that 
cannot be explained by steady-state potentials but involve in- 
ductive effects. (3) Localized potential structures and particle 
acceleration. (4) Excitation of various instabilities drive by the 
free energy of anisotropic distributions. 
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