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Electric fields in a plasma that conducts a high-current pulse are measured as a function of time and space.
The experiment is performed using a coaxial configuration, in which a current rising to 160 kA in 100 ns is
conducted through a plasma that prefills the region between two coaxial electrodes. The electric field is
determined using laser spectroscopy and line-shape analysis. Plasma doping allows for three-dimensional
spatially resolved measurements. The measured peak magnitude and propagation velocity of the electric field
is found to match those of the Hall electric field, inferred from the magnetic-field front propagation measured
previously.
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I. INTRODUCTION

For a long time, laboratory experiments and observations
in space have been stirring up a dispute concerning the
mechanisms of the magnetic-field evolution in plasma and
the associated plasma dynamics. Estimates of the plasma collisionality in plasma opening switches 共POSs兲, for example,
indicate that the magnetic field diffusion should be small
while the plasma pushing by the magnetic-field pressure
should be dominant. However, magnetic-field penetration
has been observed in POS experiments 关1兴, and, moreover, it
is found to be significantly faster than expected from diffusion 关2–5兴. The magnetic-field penetration was also found to
be higher than, or of a comparable velocity to, the plasma
pushing. In an early experiment 关2兴 a fast magnetic-field penetration into a plasma where the ions are nearly immobile
was observed. This was explained by the generation of an
electric Hall field based on the electron magnetohydrodynamics theory 关6–9兴. The relative importance of the two governing processes, i.e., the plasma pushing and the magneticfield penetration, was further analyzed in a series of
additional experiments with different plasma parameters, in
which comprehensive measurements of spatial distributions
of the magnetic field, of the ion velocity, and of the electron
density in the plasma were performed. These detailed measurements, performed in multi-ion species plasma, have revealed that the fast magnetic field penetration into the plasma
is accompanied by a specular reflection of the light-ion
plasma and a slow pushing of the heavy-ion plasma penetrated by the field 关4,5兴, resulting in ion-species separation
关3兴.
The electric field plays a crucial role in the interaction of
the magnetic field with the plasma. The electric field trans-

*Present address: Department of Physics University of California,
366 LeConte Hall MC 7300, Berkeley, CA 94720-7300.
tsigutkin@berkeley.edu
1539-3755/2007/76共4兲/046401共12兲

fers energy to the current-carrying plasma through the Joule
heating, the electric field that is generated by the spacecharge separation due to the magnetic field accelerates the
ions, and the 共Hall兲 electric field may induce the magneticfield penetration into the plasma. However, previous studies
of the electric fields in plasmas under application of pulsed
currents 共e.g., Refs. 关4,5,10兴兲 lacked the temporal and spatial
resolutions and thus only provided an averaged view.
In this paper we describe an application of threedimensional 共3D兲-resolved spectroscopy to investigate the
time evolution of electric fields in plasmas under highcurrent pulses. Our method is based on laser spectroscopy
combined with plasma doping by lithium, which allows for
electric-field measurements from the lithium emission-line
shape. In the following sections we first discuss the physics
underlying the diagnostic method and the measurements of
the initial conditions of the plasma prior to the application of
the current. Then, measurements of the electric field in the
plasma under a current pulse are described, followed by a
discussion on the relation between the measured electric
field, the magnetic field, and the plasma dynamics. It is
found that the measured electric-field magnitude is consistent
with the Hall electric field calculated on the basis of the
magnetic field and the plasma density measured in a separate
study.
II. THE DIAGNOSTIC METHOD

The Stark effect has proven to be of a great utility for
nonintrusive measurements of the frequency and amplitude
of local electric fields in plasmas, as first suggested by
Baranger and Mozer 关11兴 and shortly later experimentally
verified by Kunze and Griem 关12兴.
The advantages of the lithium atomic system for electricfield measurements have been previously demonstrated
关13–15兴. Lithium was employed for measurements of electric
fields in dilute plasmas of gas discharges 关16,17兴 and in the
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vacuum gap of a high-voltage diode 关18兴. In our experiment,
high spatial and temporal resolutions in measuring the electric fields in relatively dense 共⬃1014 cm−3兲 plasma are
achieved. At such densities, extracting the information from
the spectral line profiles becomes more difficult due to the
increased Stark broadening and the faster ionization processes that reduce the neutral lithium line emission.
The E-field diagnostic is based on the analysis of the line
shape of a forbidden transition and its intensity relative to an
allowed transition. The neutral-lithium atomic system is most
suitable for applying the method since the 2p-4f dipoleforbidden transition 共4601.5 Å兲 and the 2p-4d allowed transition 共4603 Å兲 are very close in wavelength, and therefore
both lines can be recorded simultaneously. This is particularly useful for investigating a highly transient plasma, such
as the present one, where a reliable measurement requires
obtaining the information on the E field in a single discharge.
In the presence of an electric field, a configuration mixing of
the 4d and 4f levels occurs, making possible an electric dipole transition from the 4f level to the 2p level. Since the
4d-4f mixing coefficient depends on the electric-field amplitude, the intensity of the forbidden transition can serve as a
measure of the electric-field strength. The mixing coefficient
is larger for smaller energy-level difference, thus the small
energy separation between the 4f and the 4d levels
共⬇5 cm−1兲 makes these transitions in lithium suitable for
measurements of relatively low electric field. The time dependence of the electric-field magnitude and direction also
affects the spectral line profiles, and thus using a detailed
line-shape analysis allows for obtaining additional information on the frequency spectrum of the E fields. In the case of
a harmonic perturbation with frequency , a dipoleforbidden transition is split into two satellites, displaced from
the unperturbed position by ±ប 关11兴. Generally, for a nonharmonic perturbation the linewidth is roughly 2ប具典, where
具典 is the typical field frequency. Therefore taking into consideration also the contributions of the Doppler and instrumental broadenings to the total linewidths, it is possible to
conclude that for the present case of Li I spectrum, the forbidden line would be unresolved from the strong allowed
line for E-field frequencies above ⬇20 GHz. Our detailed
modeling confirms this.
Under the relevant plasma conditions the populations of
the 4d and 4f levels are insufficient to produce strong spectral lines required for accurate measurements. Laser-inducedfluorescence 共LIF兲 technique is employed to increase the 4d
and 4f level populations by the laser pumping. Pumping of
these levels directly from the ground state 共2s兲 is inefficient
since the 2s-4d and 2s-4f transitions are dipole-forbidden. As
schematically shown in Fig. 1, the laser emission is employed for pumping the 4p level from the ground state, and
electron-collisional transfer from the 4p level leads to the
increase of the 4d and 4f levels populations. The knowledge
of the relative populations of the 4d and 4f levels is important for proper interpretation of the relative line intensities.
Due to the small energy separation between the 4d and 4f
levels, it is expected that the electron-collision processes between these two levels dominate the relative populations of
these levels, leading to a population distribution in accor-

FIG. 1. The scheme of laser-driven excitations of the Li
levels.

I

dance to the level statistical weights. This is verified by
collisional-radiative calculations 关19兴. The collisional excitations and de-excitations from the pumped 4p level lead to an
increased population also of the levels of the neighboring n
= 3 configuration. The resulting rise in the line intensities is
advantageous, since different lines are used to obtain simultaneously both the Stark and the Doppler contributions to the
line shapes. For example, due to the different sensitivity of
the 4d and 3d states to the Stark effect, a comparison of the
2p-3d and 2p-4d line shapes allows for inferring the Doppler
broadening and the rather small Stark-broadening contribution to the 2p-4d shape.
In the present experiments a lithium beam, produced by
applying a Nd:YAG laser pulse onto a solid lithium target, is
injected into the plasma region of interest. Another laser
beam, which is used for the pumping, intersects the lithium
beam at the point of interest to produce the LIF emission 共see
Fig. 2兲. The lithium beam density is so selected that it introduces a minimal disturbance in the region of diagnostics,
while, on the other hand, it is sufficient for yielding a satisfactory intensity of the desired transitions.
For the line-shape modeling, the method described in Ref.
关20兴 was used. This method is capable of calculating line

FIG. 2. 共Color online兲 Application of LIF for the electric-field
measurements.
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FIG. 3. 共Color online兲 The layout of the coaxial transmission
line and the diagnostic system. 共PMT—photomultiplier tubes兲.

shapes under the simultaneous effects of the plasma microand macrofields 共both electric and magnetic ones兲. The forbidden transition from the 4f to the 2p level of Li I is caused
mostly by the 4f-4d level mixing. The mixing of the 2p and
4f levels with other levels is negligible since the energy separations between these levels and 2p and 4f are significantly
larger than the 4d-4f separation. Therefore the 4f-4d energy
separation is crucial for an accurate modeling. We have measured its value independently 关21兴 in order to resolve the
ambiguity in light of the large spread in the values of this
quantity in the available data sources.
III. EXPERIMENTAL SETUP

In this experiment we employ a coaxial plasma configuration, shown in Fig. 3, in which plasma is initially injected
to fill up the volume between the two coaxial electrodes. The
cathode and anode diameters are 3.8 and 8.9 cm, respectively, and the plasma is injected over an axial length of 10
cm. A current pulse applied at one side of the coaxial line
propagates through the plasma until the current channel
reaches the vacuum section of the transmission line that is
followed by a shorted end. This experimental configuration
is commonly referred to as the plasma opening switch 共see,
e.g., 关22兴 and reference therein兲 and has been recently used
for studying the interaction of the plasma with the propagating magnetic field 关3–5,23兴.
The plasma prefill in the present experiment is produced
by a flashboard plasma source and is injected inward through
the transparent anode to fill up the anode-cathode 共A-K兲 gap
共see Fig. 3兲. The flashboard plasma with an electron density
ne = 2 ⫻ 1014 cm−3 and electron temperature Te ⯝ 5 eV, almost uniform across the A-K gap, is mainly composed of
protons and carbon ions 共mainly C III–V兲. Since the heavier
carbon ions flow at lower velocities than the protons, the
carbon or proton relative abundance decreases toward the
cathode.
The coaxial line is powered by an LC-water-line Marx
generator. A current pulse of 160 kA with a rise time of 100
ns is then driven through the coaxial line. The upstream and
downstream currents are measured by Rogowski coils placed
at the output of the water line and at the shorted end.
In the diagnostic technique employed here, the flashboard
prefill plasma is doped with lithium using a laser-produced
lithium beam 共see Fig. 4兲. For the generation of the lithium

FIG. 4. The cross section of the coaxial chamber, showing the
dopant excitation scheme. Observations are performed in the direction perpendicular to the figure plane.

beam, a Nd:YAG laser pulse 共6 ns兲 is focused onto a surface
of a metallic lithium target attached to one of the coaxial
electrodes. The laser intensity was 5 ⫻ 107 W / cm2 on the
target surface. The particle velocities in the laser-produced
plasma plume were found to be 共1 − 10兲 ⫻ 105 cm/ s. At the
distance of 2.5 mm from the target, at which the electric-field
measurements are performed, the density of the lithium beam
was ⯝7 ⫻ 1013 cm−3 with an ionization degree of ⬇65%,
i.e., the electron density was ⯝4 ⫻ 1013 cm−3. The electron
temperature was ⯝0.5 eV 共see Sec. IV A兲. For the photopumping of the Li I 4p state, a tunable dye laser is used. This
laser is pumped by an additional Nd:YAG laser pulse of 15
ns duration. In order to obtain the wavelength required for
the photopumping 共2s-4p = 2741.2 Å兲, a wavelength extender for the generation of the second harmonic of the dye
laser pulse is employed. Thus the dye laser is tuned to generate a pulse at dye = 5482.4 Å 共using a solution of Fluorescein 548 dye in methanol兲. The energy achieved at 2741.2 Å
is ⯝1 mJ. The laser spectral width is 0.2 Å.
For measurements where recording of accurate spectral
line profiles are important, experimental conditions for
which the Doppler broadening is relatively small are preferable. The Doppler broadening that affects the line shapes in
these measurements results from the lithium atom velocities
in the axial 共Z兲 direction 共along the line of sight兲. In order to
minimize this effect it is required to use a sufficiently long
time delay between the laser pulse for target evaporation and
the current pulse application. The reason is that the lithium
atoms ejected from the target surface due to the laser pulse
move away from the surface with velocities varying along
the plasma column produced. Therefore slow atoms reach
the measurement region with longer delays. Generally, lower
velocities in the propagation direction normal to the target
surface are correlated with lower velocities in the transverse
directions, which enabled us to achieve a satisfactorily low
Doppler broadening in the axial direction. In the present experiment we used a time delay of 450 ns between the laser
pulse employed for the target evaporation and the laser pulse
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employed for photopumping. Selecting longer time delays
decreases the amount of the atoms due to the lithium ionization processes that take place in the prefill plasma, thereby
reducing the signal-to-noise ratio. Therefore the optimal delay was determined according to the requirement of minimal
Doppler broadening but high enough signal intensity.
The diagnostic system consists of two 1-m UV-visible
spectrometers equipped with 2400 grooves/mm gratings 共see
Fig. 3兲. The output of one spectrometer is collected by an
optical-fiber array and transmitted to ten photomultiplier
tubes that allow the recording of the line-profile time dependence 共temporal resolution of 7 ns兲, while the output of the
second spectrometer is recorded by a gated 共down to 5 ns兲
intensified charge-coupled device 共ICCD兲 camera, allowing
for recording single gated broadband spectra. The spectral
resolutions of both systems are ⯝0.2 Å in the spectral range
used. Since the induced fluorescence originates from the region along the pumping-laser path, observing the emitted
radiation perpendicular to the pumping-beam direction allows for measurements with a high spatial resolution in three
dimensions. In this case the spatial resolution along the line
of sight is determined by the width of the pumping laser
beam, which is ⯝1.5 mm, whereas the resolution in the
plane perpendicular to the line of sight is chosen by the spectrometer slit dimension 共sub-mm scale兲. A detailed discussion of the spectral calibration and the determination of the
instrumental response of the system can be found in Ref.
关21兴.
IV. RESULTS

The measurements are performed in three stages. In the
first stage we characterize the laser-produced lithium plasma
used as a dopant. In principle, the dopant plasma could perturb the local conditions of the main prefill plasma, introducing uncertainties in the measurements. In order to minimize
this perturbation, the dopant density must be kept lower than
that of the main plasma. However, lowering the lithium density results in weakening the spectral lines of interest,
thereby reducing the signal-to-noise ratio that is crucial for
resolving the spectral profiles required for the determination
of the electric field. To optimize the Li I dopant density,
measurements of the lithium density, ionization degree, and
expansion velocity were first performed with no plasma prefill.
In the second stage, with the optimal configuration of the
lithium doping, the electric fields are measured in the plasma
prefill 共still without the application of the current pulse兲.
These experiments yield the initial level of the electric field
present in the plasma prior to the application of the current
pulse. We refer to this field as a “background” electric field.
Finally, we measure the evolution of the electric fields generated during the conduction of the pulsed current.
A. Diagnostics of the lithium dopant beam

Details of the measurements aimed at the diagnostics of
the laser-produced lithium beam will be published separately.
Here, we briefly describe the main results. Measurements

FIG. 5. Measured and calculated Li I 2p-4d line shapes including the 2p-4f forbidden line.

were performed to determine the temporal evolution of the
plasma parameters in the lithium beam at different distances
from the target for various laser intensities in the range of
107 – 108 W / cm2.
A typical Li I spectrum in the wavelength range of interest
共4603 Å兲, obtained at a distance of 2.5 mm from the target, is
presented in Fig. 5. It is recorded by the ICCD camera with
a time-gate of 10 ns correlated with the peak of the LIF
signal. The figure shows the measured and simulated line
shapes of the allowed 2p-4d and the nearby forbidden 2p-4f
transitions. The line-shape simulation, similar to that described in Ref. 关21兴, show the individual contribution of each
of the three broadening mechanisms: the Stark effect, Doppler, and instrumental.
The Doppler broadening can be estimated from the Li I
velocities obtained from time-of-flight measurements. For
the present measurements we used a time delay of 450 ns
between the evaporating laser pulse and the photopumping
laser pulse. At a distance of 2.5 mm from the electrode this
delay corresponds to a velocity of 5.5⫻ 105 cm/ s. Since the
Li I plume expands into a large solid angle, the transverse
velocities are of the order of the longitudinal velocities. Indeed, a Doppler broadening of 2 eV, consistent with the velocities mentioned above, is obtained by deconvolving the
known instrumental broadening function from the total line
shape of the Li I 2p-3d transition 共6104 Å兲 that is insensitive
to the Stark effect under the present conditions.
Subsequently, the Stark-broadened spectrum for various
values of the electron density ne is calculated, and convolved
with the instrumental and the Doppler broadening functions.
For these calculations, we used Te = 0.5 eV, adopted from
the results of a collisional-radiative modeling of the temporal
behavior of the Li I line intensities 共described in Ref. 关24兴兲.
From the line-shape calculations it is found that the measured spectrum cannot be satisfactorily fitted for any electron
density. A good fit is rather obtained by assuming a combination of ne = 共4 ± 0.7兲 ⫻ 1013 cm−3 and low frequency
共ⱗ pi兲 oscillations with an amplitude of ⬇3 kV/ cm 共see
Fig. 5兲. Although assuming a higher electron density of ne
⯝ 2 ⫻ 1014 cm−3 共with no waves in the plasma兲 provides a
satisfactory fit to the total intensity ratio of the allowed line
to the forbidden line, the width of the 2p-4f line becomes
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FIG. 6. The spectrum of the 2p-4d and 2p-4f lines of Li I recorded in experiments with and without the presence of the flashboard prefill plasma. The spectra are normalized to have the same
peak intensity for the 2p-4d lines.

significantly larger due to the wide spectrum of the microfield amplitudes under this assumption. This results in a
flattening of the forbidden peak, which is in disagreement
with the observations.
B. Effect of the plasma prefill injection on the Li I line shapes

We now describe the experiments in which the lithium
beam is locally injected into the flashboard plasma that prefills the interelectrode gap 共still, without applying the main
pulsed current兲. The lithium target is attached to the cathode
共the inner electrode, see Fig. 4兲. The plasma prefill parameters were obtained in a previous work from emission spectroscopy 关25兴. The plasma is found to have a nearly uniform
electron density across the interelectrode gap with ne ⯝ 2
⫻ 1014 cm−3 and Te ⯝ 5 eV. Under these conditions the
lithium atoms undergo substantial ionization and the density
of neutral lithium arriving at the observation point is expected to be significantly lower than when the dopant is injected into vacuum, leading to reduced line intensities. Indeed, the intensity of the Li I 4603-Å line in the plasma
prefill is found to be an order of magnitude lower than when
the lithium beam is expanding in vacuum. Nevertheless, this
intensity is still sufficient to provide a signal-to-noise ratio
that is adequate for resolving the line profiles of interest. In
these experiments the 2p-3d line is not useful for measuring
the Doppler broadening since its upper level is no longer
populated from the decay of the n = 4 levels, as the latter are
significantly depopulated through collisional ionization due
to the higher prefill plasma density. Instead, here we use the
2s-2p line at 6708 Å that is also insensitive to the Stark
effect. This line exhibits somewhat larger Doppler width than
in the case of expansion into vacuum, corresponding to a
temperature of ⯝2.5 eV.
In Fig. 6 we present a comparison of the profiles of the
allowed 2p-4d and the forbidden 2p-4f lines emitted when
the lithium beam is expanding in vacuum with those emitted
with the flashboard plasma prefill. It is clearly seen that in
the presence of the flashboard plasma the forbidden line has
a substantially higher relative intensity and both lines are

relatively broadened. Similarly to the previous case, also
here we find that electric microfields, arising from the thermal electrons and ions, cannot explain the observations. The
best fit is obtained by considering a combination of microelectric fields due to ne = 共1 − 4兲 ⫻ 1014 cm−3 and the presence of a low frequency electric field of 8 ± 1 kV/ cm. We
note that under these higher density conditions, the line profiles are less sensitive to the density, but the inferred density
range agrees well with that found in a previous work 关25兴.
The simulations also give an upper limit for the oscillation
frequency of the additional electric field, ⬇10 GHz. This
upper limit is of the order of  pi of the flashboard plasma,
indicating that these oscillations can possibly be of the ionacoustic type. Similar E-field intensities were measured in
several positions, particularly in the positions where the
E-field measurements were performed during the current application, as described in the next paragraph. We take this
observed electric field of 8 kV/cm to be the upper limit of the
collective fields present in the plasma prefill prior to the
application of the high-current pulse; hereafter referred to as
the “background” electric field.
For performing measurements of electric fields also in the
vicinity of the anode, the lithium target is attached to the
anode and the evaporating laser beam is focused onto the
target through a port in the vacuum chamber at the opposite
side of the anode. The two different setups, allowing for
measurements in the vicinity of the cathode and the anode,
are schematically described in Fig. 7. Since the flashboard
plasma source is located on an outside cylinder and its
plasma flows radially inward, attaching the dopant-lithium
target to the anode results in evaporated Li atoms flowing
mostly in the same direction as the flashboard plasma flow,
whereas when the Li target is attached to the cathode, the Li
atoms flow opposite to the direction of the flashboard plasma
flow. The line profiles obtained near the anode are compared
to those obtained near the cathode. The comparison of the
line profiles is performed for azimuthal and radial polarizations 共the line of sight is along the axial direction兲. Interestingly, as shown in Fig. 8, the change of the dopant injection
direction with respect to the flashboard plasma flow is found
to affect the line profiles only in the azimuthal polarization.
For the azimuthal polarization, the 2p-4f forbidden-line intensity is noticeably higher for the case where the dopant Li
I atoms are injected opposite to the direction of the flow of
the flashboard plasma 共measurements near the cathode兲,
while for the radial polarization the line profiles are found to
be similar for the two cases of the dopant injection. The
explanation for this effect is not clear yet. For the E-field
measurements in the present study only the radialpolarization line emission is used, for which no effect of the
switching of the lithium injection direction on the line shapes
is observed.
C. Electric-field measurements in the plasma
under the high-current pulse

Knowledge of the effect of the prefill plasma on the dopant lithium line shapes and the corresponding electric fields
allows for investigating the electric fields formed during the
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FIG. 8. The profiles of the Li I 2p-4d and 2p-4f transitions
measured for two orthogonal polarizations for the two directions of
the dopant injection.

propagation at the two radial positions 共near the anode and of
the cathode兲. The temporal evolution of the electric field at
each position is obtained by performing consecutive experiments, varying the time delay between the application of the
current pulse and the application of the photopumping laser.
The temporal resolution of the measurements 共10 ns兲 is determined by the time-gate of the ICCD camera. In order to
cover the entire duration in which the current flows through

FIG. 7. The two directions of the dopant injection. 共a兲 E-field
measurement near the cathode. 共b兲 E-field measurement near the
anode.

flow of the pulsed-current in the plasma. The measurements
are performed at a distance of 2.5 mm from the electrodes
共either the cathode or the anode兲 inside the interelectrode gap
at different axial positions. The field of view of the optical
system covers a region between 2.2 and 2.8 mm from the
electrodes. We note that estimates of the maximal sheath size
give a much smaller distance from the electrodes, based on
the known system inductance and the measured current. The
electric field measured is thus in the plasma and not in the
sheath. The arrangement of the measurement positions is
shown in Fig. 9. The measurement positions are located symmetrically near the anode and near the cathode separated
axially by 35 mm. The positions 1 and 4 in the plasma are
located at a distance of ⬇1.5 cm from the generator-side
plasma boundary. The boundary position is defined as the
position beyond which 共toward the generator兲 ne drops by
more than a factor of 3 relative to that in the main part of the
plasma. Due to the plasma expansion toward the cathode the
plasma boundary is slightly farther from the measurement
positions near the cathode than near the anode. This setup
allows for determining the velocity of the electric-field axial

FIG. 9. Positions for the E-field measurements during the current application. The positions are located symmetrically in the A-K
gap having an axial separation of 35 mm. The total length of the
plasma is ⬇10 cm.
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FIG. 10. Comparison of the normalized spectral profiles prior
and during the current pulse application. The measurements are
performed at point 2. The delay between the current start and the
beginning of the measurement is 40 ns, corresponding to time of
maximum E field at point 2.

the plasma, the E field is obtained at a minimum of six consecutive time intervals in each position. For overcoming the
shot-to-shot irreproducibility, the results at each time are averaged over several discharges.
Figure 10 shows a comparison between the spectral profiles obtained at point 2 prior and after the current-pulse
application. It is clearly seen that the lines broaden during
the current conduction in the plasma, with the forbidden
component rises in intensity relative to the allowed line and
becomes shifted to shorter wavelengths. This demonstrates
the rise of the E field in the plasma during the current conduction. The recorded profiles are analyzed in the manner
described in Sec. II, taking into account the effects of the
plasma microfields, the Doppler broadening, and the instrumental broadening. This analysis yields the electric-field amplitude as a function of time.
The inferred evolution of the E fields at the three axial
positions near the cathode and the anode are shown in Fig.
11. The error bars in the figure reflect the statistical errors
due to the shot-to-shot irreproducibility. In addition, a systematic error of up to 10% can be expected due to the finite
accuracy of the line-shape modeling. For clarity, these have
been omitted from the figure. Thus the absolute value of the
measured E field has an additional error of 10%. The rise of
the E field in the vicinity of the cathode 关Fig. 11共a兲兴 is observed to be delayed between the different axial positions.
This allows for determining the axial propagation velocity of
the electric field, which is found to be 共1.5± 0.5兲
⫻ 108 cm/ s. The velocity is found to be approximately the
same between points 1 – 2 and 2 – 3, therefore the E-field
propagation velocity is concluded to be constant over the
entire pulse. Based on the 10-ns temporal resolution, the rise
time of the E field is inferred to be less than 10 ns. The
product of the field rise time and the propagation velocity
gives an estimate of the axial scale of the changes of the
electric field. This scale of 1–2 cm could possibly be related
to the width of the current channel, which in previous experiments was found to exhibit a similar scale, ⬇1 cm 关3兴.
In the vicinity of the anode one might expect somewhat
lower E-field values. This is plausible due to the lower B
field near the anode and the higher fraction of heavy ions,

FIG. 11. The evolution of the E field obtained in the vicinity of
the cathode and the anode 共including the background field兲. The
term t = 0 is the start of the current pulse.

since the latter leads to a higher electron density following
the reflection of the protons by the propagating magnetic
front. However, the E field at point 4 was found to have an
amplitude similar to the maximum obtained near the cathode,
whereas at points 5 and 6 no rise in the field is observed
within the measurement accuracy 关see Fig. 11共b兲兴. The E
field in point 4 rises at a delay compared to point 1, demonstrating a slower propagation of the E field near the anode.
Thus when the current channel near the cathode reaches the
vacuum section near the shorted end of the transmission line
and as a result ceases to flow through the plasma, the current
near the anode has still not reached point 5, and no E field is
generated at points 5 and 6. An upper limit for the field
propagation velocity near the anode can thus be estimated by
dividing the distance between point 4 and point 5 by the time
interval between the field arrival at point 4 and the field
arrival to the plasma-vacuum boundary 共at the shorted-end
side兲. This gives a velocity of ⯝7 ⫻ 107 cm/ s.
We now estimate the net rise in the E field due to the
application of the current pulse, by subtracting from the measured total E field 共Etot兲 the background field Ebg, found in
the plasma prefill prior to the current application 共see Sec.
IV B兲. A simple subtraction of this background from the
measured E field is not always correct. In order to demonstrate this fact, let us assume that some external quasistatic
field Eex at a certain direction 共e.g., the Hall field兲 is formed
in the plasma in addition to the already present randomly
directed, fluctuating background field. On a spatial scale
smaller than the typical scale of the fluctuations, where the
background field has a distinguished orientation, the background and the external fields should be summed up as vectors. Then, the sum of the fields must be averaged over all
possible directions of the background field, since in the mea-
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TABLE I. Summary of the peak E-field parameters.
Position

Cathode
z = 1 cm 共pos. 1兲
z = 4.5 cm 共pos. 2兲
z = 8 cm 共pos. 3兲
Anode
z = 1 cm 共pos. 4兲
z = 4.5 cm 共pos. 5兲
z = 8 cm 共pos. 6兲

Peak E field 共kV/cm兲
Total

Without Ebg

12.0± 0.5
17.8± 1.0
14.5± 1.0

9.0± 1.1
16.0± 1.4
12.1± 1.4

18.0± 1.8
9.0± 1.0
9.0± 1.0

15.5± 2.0
0
0

VE 共cm/ s兲

TABLE II. The parameters of the plasma and the magnetic field
in the present experiment. The terms nC and n p are, respectively, the
densities of the carbon and proton components of the plasma, and
C
Zeff
is the effective charge of the carbon ions.

1.5± 0.5⫻ 108

⬍7.0⫻ 107

surements the field of view of the optical system is assumed
to be larger than the fluctuation scale. As a result, the mean
value of the total measured field is given by Ētot
2
2
= 冑Eex
+ Ebg
.
Table I summarizes the results of the E-field measurements. The first column presents the position of the measurement. The other columns give the total measured E field and
the field obtained after the subtraction of the background
field of 8.0± 1.0 kV/ cm near the cathode and
9.0± 1.0 kV/ cm near the anode. The table also gives the
inferred axial propagation velocity of the field 共VE兲.
V. DISCUSSION

In the following, we demonstrate that the time-resolved
measurements of the electric field in several locations in the
plasma lead to two main results. The first is that the electric
fields observed are probably the Hall electric fields resulting
from the current flow in the plasma, and the other result is
that turbulent electric fields observed in the plasma prefill
prior to the current application may provide the anomalous
collisionality required for the previously observed broadening of the current channel.
A. E-field generation due to the Hall effect

Magnetic-field measurements, based on Zeeman spectroscopy, performed in a separate study 关26兴, using the same
experimental setup, show that the B field propagates faster
near the cathode than near the anode, giving rise to a 2D
structure of the B-field propagation. We attribute this behavior to the decrease of the magnetic-field intensity with increasing radius 共the anode is the outer electrode兲 and to the
increasing fraction of the heavy ions 共carbon ions兲 in the
plasma prefill closer to the anode. The parameters of the
magnetic field and plasma prefill are listed in Table II. It is
expected that the rise in the E-field amplitude at each point
coincides with the arrival of the current channel, namely, the
arrival of the magnetic-field front at that point. Indeed, the
measured velocities of the magnetic-field penetration,
1.2± 0.2⫻ 108 cm/ s near the cathode and 5 ± 2 ⫻ 107 cm/ s
near the anode 关26兴, are consistent with the velocities of the
E-field propagation found here, 共1.5± 0.5兲 ⫻ 108 cm/ s near

Parameter

Cathode

Anode

r 共cm兲
Bpeak 共T兲
ne 共cm−3兲
n p / nC
C
Zeff

1.9
1.2± 0.2
共2 ± 0.5兲 ⫻ 1014
⬇9
⬇3

4.45
0.5± 0.1
共2 ± 0.5兲 ⫻ 1014
⬇1
⬇3

the cathode and approximately a factor of 2 slower near the
anode.
In a quasineutral plasma the electric field is given by
Ohm’s law:

ជ ជ
ជ = j ⫻ B − 1 vជ ⫻ Bជ + 1 ជj ,
E
i
cnee c


共1兲

where B is the magnetic field, j is the current density, vi is
the ion velocity,  is the plasma conductivity, and c is the
speed of light in vacuum. Here, the electron inertia and pressure are neglected.
The electric field associated with the electron inertia is
important only when the relevant scale length is the electron
skin depth. The contribution of the electron inertia is smaller
than that of the Hall term 共first term on the right-hand side兲
by roughly the square of the ratio of the electron skin depth
to the current channel width. In our case, while the electron
skin depth is ⬃0.5 mm, the current channel width is
⬃1 cm; thus the contribution of the electron inertia is ⬃400
times smaller and hence neglected. Under the present experimental parameters the contribution of the electron pressure
would be comparable to that of the Hall term only when the
electron temperature exceeds several keV. While the actual
electron energy distribution during the field penetration is
now under study, previous measurements indicated that the
mean electron energy is of the order of 100 eV 关27兴 and
therefore the contribution of the electron pressure in Eq. 共1兲
is considered also to be negligible.
We now show that the measured electric field in the vicinity of the cathode is close to the electric field calculated
by this expression when only the Hall term is considered.
The second term, which results from ion pushing 关28兴 is
shown to be smaller than the Hall term. The contribution of
the third term is discussed in Sec. V B. For evaluating the
Hall term and comparing it to the present electric-field measurements we use previous measurements of the magnetic
field and density 关3,26兴.
Although the B-field measurements are highly informative, they do not allow for the reconstruction of the spatial
distribution of the B field due to the small number of the
measurement positions in the A-K gap. Nevertheless, these
measurements demonstrate a strong correlation between the
rise of the magnetic field at each measurement position and a
drop of the electron density 共see, e.g., 关3兴兲. We note that the
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prominent density drop is closely related to the phenomenon
of ion-species separation 关3兴, mentioned in Sec. I, in which
the magnetic field only penetrates into the heavier component of the plasma 共carbon ions兲 while the light ions 共protons兲 are reflected ahead by the magnetic-field front. In Ref.
关26兴 a map of the electron density distribution was measured
at different instants of the current conduction in an experimental setup similar to the present one. These data show that
the density drop propagates axially, exhibiting different
propagation velocities at different radial positions. Thus, assuming the density drop in the A-K gap is correlated with the
arrival of the magnetic-field front everywhere, the measured
evolution of the density map can be used to determine the
distribution of the B-field front.
We now fit an analytical expression for the magnetic-field
temporal distribution. Based on the previous measurements
关3,4兴 we approximate the B-field axial distribution at each
radial position by a steplike function of a front width ␦, i.e.,
the B field rises within a distance ␦ that corresponds to the
current-channel width. This step front propagates axially
with a constant velocity. The propagation velocity is lower at
larger radii, similarly to the density drop 关26兴. At the plasma
boundary, z = 0, the magnetic-field temporal behavior was
found to be similar to that of the generator current, approximated by Iup = Imax sin共 2t 兲, where  is the time corresponding
to the peak current. Therefore we assume that the amplitude
of the field in the back of the step front 共which is the height
of the step兲 also rises in time as sin共 2t 兲. For the radial distribution of the magnetic field we assume that the field at the
rear of the field front decreases toward the anode as 1 / r, due
to the cylindrical geometry of the experiment. Under these
assumptions we find that the magnetic field can be approximated by

冉 冊冤

冢

rc
t 1
1 − tanh 2
B共r,z,t兲 = B0 sin
r
2 2

rc
z − vc t
r

␦

冣冥

FIG. 12. The map of the magnetic-field propagation 共a兲 obtained
from the electron density evolution 共contours denote the location at
which the density starts to drop兲, 共b兲 generated using Eq. 共2兲 共here
the contours are the locations where the magnetic field is 0.2 T兲.
The numbers on the plot represent the time in nanoseconds relative
to the beginning of the current pulse. The solid circles in 共b兲 represent the positions of the present E-field measurements.

冋冉

冊 冉 冊册

ជ ⫻ Bជ 兴
1  共rB兲
B
1
关rotB
ជ
E
=
eជ r B
+ eជ z B
Hall =
r r
z
4 ne e
4 ne e

.

共3兲
Finally, by inserting Eq. 共2兲 into Eq. 共3兲, the axial 共EHall,z兲
and radial 共EHall,r兲 components of the electric field are found
to be
EHall,z =

EHall,r =

B20r2c sin2共t/2兲
关1 − tanh共兲兴关1 − tanh2共兲兴, 共4兲
8  n ee r 2␦

B20r3c vct sin2共t/2兲
关1 − tanh共兲兴关1 − tanh2共兲兴,
8  n e e r 4␦
共5兲

,

共2兲

where B0 is the peak magnetic field, rc and ra are the cathode
and anode radii, 0 ⬍ t ⬍  共here we focus on the period of the
current flow through the plasma lasting until  = 70 ns that
denotes the arrival of the current channel at the plasma
transmission-line boundary兲, vc is the B-field propagation velocity near the cathode, and ␦ is the current-channel width. In
our experiment  ⬇ . The variables r and z are limited by
rc ⬍ r ⬍ ra and 0 ⬍ z ⬍ zend, where zend is the position of the
plasma transmission-line boundary. In the calculations, the
current channel width ␦, which is assumed to be broadened
by diffusion, varies in time as ␦ = e + ␦t / , where e is the
electron skin depth. The term e + ␦ is the front width at the
instant t = . Since at time t =  ␦ is measured to be about 1
cm, which is much larger than e, we obtain ␦ ⬇ ␦共t = 兲
⬇ 1 cm. The comparison of the map of the B-front propagation determined from the previous measurements of the electron density drop to the map generated using the semianalytical formula 共2兲 is shown in Fig. 12, demonstrating a good
agreement between the two approaches.
Using the analytic form of the magnetic field and the fact
ជ = Beជ , the Hall electric field is expressed by
that B


where  = 2关 z − vc共rc / r兲t ␦ 兴.
We now compare the magnitude of the measured E field
with the calculated EHall using the expressions 共4兲 and 共5兲.
We note that for this comparison, knowledge of the electron
density is essential. Here, again, we use the previous measurements by Weingarten et al. 关26兴. We assume that the
magnetic field reflecting the protonic component of the
plasma, and thereby causing the density to drop, penetrates
only into the carbon plasma 关3兴. The electron density of the
carbon plasma 共penetrated by the magnetic field兲 is determined here for each position at the time of the arrival of the
magnetic front at the transmission-line boundary of the
plasma. At this time, at the generator side of the plasma,
namely at point 1, the electron density drops from 2
⫻ 1014 cm−3 to 5 ⫻ 1013 cm−3. In the middle of the plasma
共at point 2兲 the density only drops to 1014 cm−3, and at the
transmission-line boundary of the plasma 共at point 3兲 no density drop is found, rather a slight rise to ⬇2.5⫻ 1014 cm−3 is
observed. Using these data, the evolution of ne is incorporated into the calculations of EHall by synchronizing the
change of the local value of the electron density with the rise
of the local magnetic field, namely ne共z , r , t兲 = n0 − ⌬n共z , r兲

Ⲑ

⫻关 B共z , r , t兲 Bmax共r , t兲兴 . Here, ⌬n共z , r兲 denotes the density
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FIG. 13. Comparison of the electric-field evolution observed in
the experiments with the Hall-electric field calculated using the
semianalytical approximation. The calculated total Hall field is a
vector sum of EHall,z and EHall,r. The background E field of 8 kV/
cm, found in the flash-board plasma, is added to the calculated
values in the manner described in Sec. IV B.

drop at the particular position for which the electric-field
evolution is calculated, and Bmax = B0 rc r sin共 t 2 兲.
Thus the evolution of the Hall electric field is calculated
for the three different axial positions at which the electricfield measurements were performed. Figure 13 gives a comparison between the calculation results and the experimental
data near the cathode. The Hall field presented is the magnitude of the electric field including its axial and radial components, to which the 8-kV/cm turbulent background has
2
共see Sec. IV B兲. It
been added according to E = 冑Er2 + Ez2 + Ebg
is seen that the calculated Hall field fits well the measured
values, except for point 1 at relatively late times. The relatively large deviation seen for point 1 can possibly be explained by the more pronounced ne drop observed at this
point, which may reduce the turbulent background E field,
contrary to our assumption in the model that the background
field is constant.
Such a good agreement between the experimentally measured electric field and the calculated Hall electric field,
based on the B field and density measurements, as shown in
Fig. 13, suggests that the observed E field is most likely the
Hall field, generated by the current. Although a thorough
understanding of the field evolution requires a self-consistent
modeling that, for example, would also consider the ion reflection and species separation observed in the experiment,
this agreement indicates that the Hall field could play a crucial role in the magnetic-field penetration. We note that the
Hall term was recently found to dominate also in a reconnection experiment 关29兴.
The model discussed here predicts the E field near the
anode 共point 4兲 to be a factor of 4 lower than that near the
cathode at point 1 共the B field drops by a factor of 2 near the
anode, see Table II兲, in disagreement with the measurements
共see Fig. 11兲. A possible explanation is a rise of the turbulence near the anode during the current flow. In order to test
this explanation, one could measure the axial velocities of
the accelerated ions both near the anode and near the cathode. Since the ions accelerate axially mostly due to the Hall
field, if indeed the electric field is mostly turbulent near the

Ⲑ

Ⲑ

anode then the axial ion velocities near the anode will be
substantially lower than they are near the cathode, but the
velocity distribution will be much broader.
The contribution of the ion motion to the electric field in
Ohm’s law 关the second term of the right-hand side of Eq. 共1兲兴
is small. This contribution can be estimated by comparing
兩jជ / en兩 to 兩vជ i兩. Approximating the magnitude of the current
density by 兩jជ兩 ⯝ cB / 4␦, using the measured ion velocities
from Ref. 关3兴, and assuming the ions are accelerated in the
direction perpendicular to the B-field front, we find the contribution of the convective term in Eq. 共1兲 to be much
smaller than the contribution of the Hall term. If instead of
using the measured ion velocities we use the MHD velocity
兩vជ i兩 ⯝ B / 冑4 共where  is the mass density ahead of the current front兲 as the maximal ion velocity, we find that the contribution of the Hall term is larger than that of the ion motion
as long as ␦ ⬍ 共c / en兲冑 / 4 共the effective ion skin depth兲.
Here,  ⬵ 6.7⫻ 10−10 g / cm3 yields an effective ion skin
depth of ⬵2.3 cm that is much larger than ␦ ⬵ 0.5 cm 共the
current-channel width observed in the experiments兲, thus the
ion term is expected to be smaller.
B. Anomalous collisionality

As suggested in Sec. IV B, the background electric field
may be attributed to an ion-acoustic instability in the plasma.
In this case, this electric field should cause a relatively strong
electron collisionality in the plasma prior to the application
of the current. Here we describe the effect of such a strong
collisionality on the magnetic-field evolution and the current
distribution.
Following Ref. 关10兴, the effective collision frequency tur
ei
associated with the ion-acoustic turbulent electric fields in
the plasma is

tur
ei ⯝  pe

具E2典
.
8nekTe

Assuming that the turbulent E field is of the order of the
background E field of 8 kV/cm measured prior to the current
application, and using ne = 5 ⫻ 1013 cm−3 and Te = 10 eV 共10
eV being the upper limit of the electron temperature in the
plasma prefill兲, the expected collision frequency is tur
ei
⯝ 1010 Hz. This frequency is much higher than Spitzer’s collision frequency, which for the above parameters is 2
⫻ 108 Hz. Such a high collision frequency is expected to
increase the rate of magnetic-field penetration into the
plasma and also to broaden the current channel.
In spite of the relatively high anomalous collision frequency suggested here, it is still insufficient to explain the
fast B-field penetration by diffusion that requires collision
frequency of about 7 ⫻ 1011 Hz 关4兴. In addition, steplike spatial profile of the magnetic field is inconsistent with the exponential decay predicted by diffusion. A different mechanism, such as the Hall-field induced mechanism 关8,31兴, is
thus expected to cause the fast magnetic-field penetration.
Still, the high anomalous collision frequency may help to
explain the observed broad current channel, not understood
thus far. According to Ref. 关10兴, in a steady Hall-induced
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penetration the current-channel width is estimated to be

␦⯝L

ei c
,
 pe VAe

where VAe is the Alfvén velocity of electrons, VAe
⬅ B / 共4neme兲1/2 共me is the electron mass兲, and L is the interelectrode spacing. Although in the present experiment the
plasma and field dynamics do not reach a steady state, we
use this relation to obtain an estimate for the current-channel
width, assuming Hall-induced penetration. For L = 2.5 cm
and the anomalous collision frequency estimated above, we
find that ␦ ⯝ 5 mm. This value is an order of magnitude
larger than the electron skin depth c /  pe ⬃ 0.5 mm and consistent with the measurements 关26兴 used for our model 关␦共t
= 兲 = 1 cm兴. Thus while the anomalous collision frequency
estimated from the turbulent electric fields is insufficient to
explain the rate of magnetic-field penetration, it does explain
reasonably well the current channel width. We note that in a
previous investigation 关10兴 it was concluded otherwise,
based on an estimated upper level of a 5-kV/cm electric field.
However, in that experiment the plasma source was a plasma
gun rather than a surface flashover as in the present work.
Also, the previous E-field measurements might have been
related to a secondary plasma, since they were based on hydrogen line emission that also originated at electrode sputtering 关30兴.
The anomalous collision frequency predicted above is
about three times higher than the minimal collision frequency required for a collisional current channel dominated
by the Hall-field penetration 关9兴, min = B / 关L共8mene兲1/2兴,
which is estimated to be 3 ⫻ 109 Hz. This further supports
the possibility of a Hall-field induced magnetic-field penetration.
We note that for B ⬍ 0.3 T the value of tur
ei is larger than
the electron gyrofrequency, meaning there is no electron
magnetization and the resistive term 关the third term on the
right-hand side of Eq. 共1兲兴 is thus dominant in determining
the electric field at the beginning of the current conduction.
Therefore the Hall mechanism is not applicable in these conditions. The collisionality, though rather high, also cannot
explain the velocity of the magnetic-field penetration at this
early stage of the pulse and the question regarding the
mechanism of the initial magnetic-field penetration remains
open.

achieved by a diagnostic method that is based on line-shape
analysis of dipole-forbidden transitions combined with laser
spectroscopy. The measured electric fields exhibit a good
agreement with the Hall field calculated using measurements
of the time-dependent magnetic-field and density distributions in the current-carrying plasma. These results indicate
that in the present experiment the Hall mechanism can be
dominant in the magnetic-field penetration into the plasma.
Moreover, it is noteworthy that the modeled Hall field, which
depends linearly on 1 / ne, reproduces well the present E-field
measurements, particularly in light of the sharp density drop
observed due to the ion-species separation phenomenon. It is
important to note, however, that in order to further conclude
that the Hall electric field induces the magnetic-field penetration, as suggested in Refs. 关8,9,31兴, it is yet to be shown that
the evolution of the electric fields must be consistent with the
magnetic-field propagation in accordance with Faraday’s
law:

1
B
= − ⵜ ⫻ E.
t
c

共6兲

Although we have provided here high temporally and spatially resolved measurements of the electric field, they are
not comprehensive enough yet to provide a conclusive answer to the source of the inductive nature of the E field, and
in particular to the question regarding the role of the Hall
field in the magnetic-field penetration. This remains a major
goal for future research.
A rather high level of the electric field 共⬇8 kV/ cm兲 is
observed in the plasma prefill prior to the pulsed current
application. Such electric fields, if present in the entire prefill
plasma, may give rise to an anomalous collisionality that is
consistent with the Hall mechanism and may help explain the
observed current channel width. A clarification of this effect
and the nature of this possible turbulence can be a subject of
future investigations.

The electric fields in current-carrying plasmas are measured with high spatial and temporal resolutions. This is
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