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Abstract
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An investigation has been conducted of the
characteristics of a highly underexpanded pulsed
plasma jet originating from an electrothermal capillary
source. Measurements made include spatially and
temporally-resolved emission spectroscopy, from which
population temperatures and electron number densities
were derived, and laser schlieren imaging of the
precursor blast wave. The emission measurements were
made at several locations along the jet axis, and at
several times during the course of the discharge in order
to investigate the development of the jet temperature
and electron density fields. In general it is found that
the temperature and electron density axial profiles −
taken at different times during the discharge −  are
similar when the axial location is normalized by the
distance from the jet exit to the Mach disk. For most of
the discharge, the population temperatures upstream of
the Mach disk are about 1.2 eV (14,000 K), but increase
to 2.2 eV (25,000 K) just downstream of the Mach disk.
Similarly, the electron number densities are of order
1017 cm-3 and 1018 cm-3, for locations upstream and
downstream of the Mach disk, respectively. Analysis of
the trajectory of the precursor blast wave shows that it
does not follow the scaling expected for a strong shock
resulting from the instantaneous deposition of energy at
a point. However, the shock velocity does scale as the
square root of the deposited energy, in accordance with
the point deposition approximation.
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Introduction

Recently, electrothermal plasma injection has been
suggested as a means to enhance and control
combustion rates of propellant materials.
Electrothermal plasmas are also of interest for
applications in fields such as rocket propulsion,
electrothermal-chemical launchers, and hypersonic
mass acceleration technology.1-3 Electrothermal-
chemical (ETC) gun propulsion uses a pulsed power
system to generate a plasma, which is then injected into
a chemical propellant to improve gun performance.4-6

In many proposed ETC gun systems the plasma ignites
a solid propellant charge; the total energy may also be
augmented by plasma injection into the gun chamber
and/or the barrel. Despite the demonstrated
improvements in gun performance using ETC
propulsion, little is currently known about the
fundamental processes involved in plasma-initiated
combustion of a solid propellant. In fact, little is known
of the characteristics of the electrothermal plasma itself.

Therefore, the primary objective of the current
work is to investigate the characteristics of a pulsed
polycarbonate capillary plasma that is allowed to
expand freely into the atmosphere. Previous work in
our laboratory has shown that the capillary discharge
produces a transient highly underexpanded jet that lasts
for about 250 µs.7 Temporally-resolved schlieren
imaging and temporally- and spatially-resolved
emission spectroscopy were used to investigate the
evolution of the structure of plasma jet flow-field, and
to determine its composition, temperature and electron
density. This is a continuation of the work reported in
Kohel, et al.7 where preliminary emission spectroscopic
measurements were made for a limited range of
conditions.
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Background

Excitation Temperature and Electron Densities of
the Plasma

The methods most frequently used for
determination of excitation population temperatures are
the “two-line method” 8-10 and the “Boltzmann plot
method.”11-14 In the Boltzmann plot method, if the
relative intensities of the spectral lines of a given
species are measured, the associated excitation
temperature (Texc) can be determined from15-16

ln (Iλ/Agu) = B – Eu / kTexc (1)

where I is the relative intensity of an emission line, λ is
the emission wavelength, A is the spontaneous emission
rate, gu is the statistical weight factor for the excited
state, Eu is the energy of the excited state, and k is
Boltzmann’s constant. The distinct atomic lines
observed in emission from a dense low-temperature
plasma are reasonably well represented by a Lorentzian
line shape. This is so because Stark broadening, arising
from perturbations of the atomic system by electrons
and ions, is the dominant broadening mechanism.17-19

Analysis of Stark broadened profiles is a useful
technique for determining the electron number densities
within the plasma, because the Stark widths give a
direct measure of the electron density. Since the Stark
effect is well-characterized in hydrogen and the
transitions fall within a convenient region of the optical
spectrum, the Balmer series is frequently used for line
shape analysis.17 The most frequently measured Balmer
line is Hβ (486.1 nm), which occupies a very convenient
region of the spectrum, has a rather characteristic and
broad profile, and is far less sensitive to radiative
transfer effects than Hα.17 However, in the plasmas
studied in this work measurement of the Hβ linewidth is
complicated by impurity lines in this region of the
plasma spectrum. Thus, our line shape analysis focuses
on the more prominent Hα line at 656.3 nm. Widths for
the observed Hα lines are determined by a nonlinear
least-squares fit of the recorded lineshapes to a
Lorentzian function. Instrumental broadening for our
system is reasonably well characterized by a
Lorentzian, with a full-width-at-half-maximum
(FWHM) of 0.62 nm. Because the convolution of two
Lorentzian profiles yields another Lorentzian, the
instrumental broadening is subtracted from the
measured FWHM values to obtain the true Stark-
broadened widths.

Plasma-Jet Structure

The plasma jet ejected from the open end of the
capillary forms a highly underexpanded jet with a
characteristic barrel shock structure. In a previous
study,7 time-resolved visible emission images of the
plasma jet were obtained using an ICCD detector. A
representative image taken 94 µs after the initiation of
the discharge is shown in Fig. 1, with a schematic
description of notable features of quasisteady free jet
flow. Expansion waves at the bore exit travel to the jet
boundary where they are reflected to form weak
compression waves, which then coalesce into the barrel
shock. The barrel shock undergoes an irregular
reflection and, in the triple-point downstream from the
exit bore, the reflected shock, Mach disk, and slip
surface are formed.20-23 In the shock-bounded, highly
underexpanded jet flow region, the flow is
characterized by relatively high Mach numbers (M >>
1), low pressures, and low temperatures. Across the
Mach disk, the flow is decelerated to subsonic velocity,
the pressure rises suddenly to atmospheric pressure or
above, and the temperature increases due to shock
heating at the Mach disk.20-23

Experimental Approach

Design and Operation of the Pulsed Plasma Source

A schematic diagram of the experimental
arrangement is shown in Fig. 2. The plasma source is
generated by the rapid discharge of 3.1 kJ of electrical
energy into a polycarbonate (Lexan) capillary. This
energy is stored in a 251 µF capacitor charged to a
maximum of 5 kV. The capillary is 3 mm in diameter,
30 mm long, and is open at one end only. The discharge
is initiated with a thin copper fuse wire (2.5 mil, 64 µm)
and ablation and ionization of material from the
capillary surface sustains the discharge. The resulting
plasma rapidly expands from the open end of the
capillary and issues into room air. The peak current
through the plasma is approximately 4.6 kA for a
discharge energy of 3.1 kJ, and the discharge duration
is approximately 250 µs. The electrodes are made of a
copper-tungsten alloy (30% Cu, 70% W) to resist
electrode erosion. The voltage across the capillary was
measured as a function of time using a high voltage
probe (Tektronics P6015A). The current trace was
measured using a Rogowski coil and the signal was
integrated with respect to time to get the total current in
the plasma circuit during the discharge. The Rogowski
coil 24  is magnetically coupled to the current through
the major loop of the toroid and a voltage signal is
induced in the coil, which is directly proportional to the
time rate of change of the total current of the loop. The
measured voltage and current waveforms were highly
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repeatable, for example the peak current was repeatable
to less than 3%.

Optical Diagnostics

An intensified gated 512-element linear array
detector (Tracor Northern TN 6143) and a 1/4-m
spectrometer (Spex 1681C) were used to obtain time-
resolved emission spectra from the pulsed plasma jet.
The spectrometer was calibrated using either a Ne or
Hg standard lamp to obtain absolute wavelength and to
find instrumental broadening (the lamp used depends
on what wavelength range the spectrometer is set to). A
tungsten filament standard lamp was utilized to
calibrate the relative spectral response of the entire
optical system. The plasma emission was focused by a
lens onto an optical fiber which transmitted the
emission to the spectrometer. The lens and fiber tip
were micrometer-positioned so as to image different
heights along the axis above the exit of the capillary.
The spatial resolution along the axis, perpendicular to
the line of sight, was found to be 0.86 ± 0.03 mm, as
determined by a measurement of the beam waist
(FWHM) of a He-Ne laser directed into the opposite
end of the fiber and focused by the same imaging lens
above the plasma device. The temporal resolution of the
spectrometer was set by a 1 µs gate on the intensifier of
the detector array. The temporally- and spatially-
resolved plasma spectra were recorded over three
wavelength ranges (350 - 470 nm, 465 - 585 nm, and
580 - 700 nm). Measurements were made at several
axial locations along the centerline of the jet, and at
different times after the plasma ignition unit was
triggered.

Optical System for Schlieren Imaging of the Plasma
Jet

Schlieren imaging is a well established technique
that enables the visualization of index-of-refraction
gradients in a flow field. Figure 3 shows a schematic
diagram of the schlieren system used in our study. The
second harmonic (532 nm) of a pulsed Nd:YAG laser
was used as a light source. The pulse duration is 10 ns,
which is sufficient to freeze the motion of the flow. To
improve image quality the beam was spatially filtered
by passing it through a 25× microscope objective lens
which focused the beam onto a 25 µm pinhole. The
laser pulse was first attenuated (to about 5 µJ per pulse)
by reflecting it from three glass flats to avoid burning
the pinhole. The spatial filter was placed at the focus of
the concave mirror, so that the working section was
illuminated by a collimated beam of light. To protect
the camera from damage the schlieren image was
projected onto a ground glass target (5.0 mm × 5.0 mm
× 1.6 mm). The target was imaged using an intensified

CCD camera (Princeton Instruments ICCD-576,
576×384 pixel resolution) fitted with a 105 mm focal
length (AF Micro Nikkor) camera lens operated at f/22.
To reduce interference from the intense emission from
the plasma jet, a laser line filter (532 nm, 3 nm
bandwidth) was placed in front of the camera lens. To
further reduce the background luminosity from the
plasma, the second schlieren mirror was placed
approximately 6 m from the plasma source.

Overall Synchronization

One issue involved in conducting the schlieren
imaging was being able to obtain a laser pulse at any
desired time delay from the initiation of the discharge.
This is problematic because the laser is inherently a
synchronous device that operates at 10 Hz, i.e. it cannot
be fired at an arbitrary time. A further complication is
that the laser requires that the flashlamps be triggered
165 µs before the Q-switch (which initiates the laser
pulse). Our solution was to build a triggering circuit
that, upon the input of a manual trigger, would initiate
the discharge at a user-set time before the next laser
pulse is to occur. Since there is a relatively short time
delay between when the discharge is triggered and
when it physically begins (about 6 µs), and the
discharge itself is over in about 250 µs, these triggering
events easily take place within the 100 ms between the
10 Hz laser pulses. The ICCD camera was synchronized
with the laser to insure that a laser pulse occurred
during the 280 ns gate width (i.e. integration time) of
the camera. Only one image was taken per laser shot
with this configuration, and the acquired schlieren
images were transferred to computer memory and
written to disk for further analysis.

Results and Discussion

Current, Voltage and Capillary Erosion
Measurements

Figure 4 is a plot of the typical voltage and current
traces obtained during a discharge with an initial
capacitor voltage of 5.0 kV. The figure shows the
current, the voltage across the capacitor, and the voltage
across the capillary. When the discharge is triggered
(by closing an ignitron switch), the voltage across the
capacitor decreases rapidly and the voltage across the
capillary increases. If t is the time elapsed from the
triggering of the discharge, a peak voltage of 2.6 kV is
induced across the capillary over the interval
0 µs < t ≤ 6 µs, and for t > 6 µs a relatively constant
voltage (≤ 1 kV) was observed and lasts until t = 250 µs.
The initial transient voltage spike occurs just prior to
the explosion of the copper wire and the plasma
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initiation begins after that time, i.e., the high discharge
current causes the fuse-wire to break down within 6 µs.
For the 5 kV case the capacitor is completely discharged
in about 250 µs, and the current reaches a peak value of
4.6 kA at 115 µs after the start of the discharge.

The explosion of the copper wire provides a
conducting vapor, and subsequent ablation and
ionization of dielectric material from the capillary walls
maintains the plasma within the capillary as the plasma
jet discharges into the atmosphere. The increase of the
capillary exit diameter (φ) due to the erosion of the
capillary bore is shown in Fig. 5. Note that the diameter
was measured only at the bore exit, but it is known that
the capillary does not erode uniformly, i.e. its diameter
is not constant along its length. From Fig. 5 we observe
that the mass of the capillary decreases approximately
linearly with the number of shots. A least-squares fit to
the data shows that approximately 7.6 mg of the
capillary is ablated by every firing. A series of
preliminary experiments showed that the electron
number density (ne) in the plasma jet was quite
dependent on the capillary bore exit diameter, with
larger diameters leading to lower electron number
density. For example, just downstream of the Mach disk
and for 5 kV capacitor voltage, ne was found to be
approximately 1×1017 cm-3 and 1.5×1018 cm-3 for φ  =
5.31 mm and 3.81 mm respectively. In order to
minimize this effect each capillary was used for a
maximum of 5 shots.

Schlieren Imaging of the Blast Wave

Figures 6(a) and (b) show six sequential schlieren
images of the expanding plasma jet for initial voltages
of 2.5 kV (0.78 kJ) and 5 kV (3.1 kJ). About 30 µs after
the plasma initiation, the blast wave expands from the
exit of the capillary. The blast wave development is an
unsteady process comparable to the shock propagation
from the open end of a shock tube or from the barrel of
a rifle.25 As in the shock tube flow, a nearly spherical
shock wave develops, the expansion region
immediately adjacent to the bore exit is a Prandtl-
Meyer expansion, and the flow expansion is initially
restrained by the outer blast wave. It is interesting that
the index-of-refraction gradients are so large across the
blast wave that they completely mask the barrel shock
that exists inside it.

The radius R of the shock, which is assumed to be
the distance from the bore exit to the shock measured
along the capillary axis, was measured as a function of
time. This is justified by our observation that the
position of the shock is highly repeatable from shot-to-
shot. For example, four schlieren images were taken at
time t = 50 µs (5 kV initial voltage) and the average
value of R was found to be 32.7 mm with a standard

deviation of 0.10 mm. Shock trajectory measurements
were made for image sequences obtained for initial
capacitor voltages of 2.5 kV (Fig. 6a), 3.5 kV (not
shown) and 5 kV (Fig. 6b).

The data on shock trajectories for all three voltages
are shown in Fig. 7. The solid line represents a linear fit
to the 5.0 kV plasma discharge data. Wilson, et al.26

show that the blast wave trajectories scale as R ~ t(2+β)/5,
where β is a parameter related to the rate of energy
deposition.27 Instantaneous energy deposition corres-
ponds to β = 0, i.e. R ~ t2/5, which is the strong
spherical shock solution.28,29 The approximately first
power dependence of R on t observed experimentally,
corresponds to β = 3. Dashed lines corresponding to β
= 0 and β = 2 are also shown on Fig. 7. Because energy
is being deposited continuously during the discharge it
is unsurprising that the β = 0 line does not match the
data. The β = 2 line is shown for comparison with
computations of Kim and Wilson30 shown below.

From the blast wave trajectories shown in Fig. 7 it
can be seen that the shock velocities are approximately
constant with values of 668, 586, and 534 m/s for
charging voltages of 5.0, 3.5, and 2.5 kV respectively. A
plot of the blast wave velocity vs. the square root of
initial electrical energy (E1/2) is shown in Fig. 8. The
solid line is the fit to the data. These results show that
the velocity of the blast wave is approximately
proportional to E1/2.

From the emission images of Ref. 7, the contact
surface (CS) and Mach disk (MD) locations were
measured and those results combined with the blast
wave position data are shown in Fig. 9. The lines are
the theoretical calculations of Kim and Wilson30 using
the model of Wilson, et al.26 for the Mach disk and
contact surface and for the blast wave approximation,
respectively. One can observe a good agreement
between the calculation and measurements for the
Mach disk and contact surface, but there is a bigger
difference in the blast wave trajectory. In the theoretical
model, Kim and Wilson use β = 2, to account for
continuous energy deposition.30 Earlier calculations
with β = 0 showed still larger discrepancy with our
experimental observations. As noted above, Fig. 7
shows that our blast wave velocity data are more
consistent with β = 3, and computations of blast wave
trajectories with this value would agree better with
experiment. The axial displacement histories (Fig. 9)
show that the Mach disk and the contact surface move
continuously away from the exit bore of the plasma jet
until they attain a maximum standoff. Then the
direction of the motion is reversed, and the Mach disk
retreats upstream towards the capillary. Figure 9 also
shows that the axial motions of the blast wave and the
contact surface are closely coupled for a relatively long
time. The blast wave and contact surface appears to
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separate some time after 70 µs, with the blast wave
moving slightly faster than the contact surface. There is
clear separation 160µs after the plasma initiation.

During the interval 0 µs ≤ t ≤ 160 µs the blast wave
appears to restrain the flow expansion. At t = 160 µs the
Mach disk attains its maximum axial distance from the
exit. Subsequently, it retreats back toward the bore exit
owing to the decrease of the capillary bore pressure as
the discharge terminates.

General Characteristics of the Plasma Spectra

In order to investigate the evolution of the
temperature and electron density fields within the
expanding plasma jet, emission spectra were obtained at
a wide range of axial positions and times during the
discharge. For example, emission spectra were acquired
at 7 separate axial locations for 6 different times. It is
observed that the measured plasma emission spectra at
a particular x and t are highly repeatable, although the
features vary substantially with position and time, as is
illustrated in Fig. 10. For convenience we define the
nondimensional axial distance, ζ t = x/xm(t), where xm(t)
is the vertical distance from the exit bore to the Mach
disk at time t. Three typical axial regions are at the exit
(ζ t ≈ 0), upstream of the Mach disk (ζ t < 1), and
downstream of the Mach disk (ζ t > 1). Time-resolved
Mach disk locations were obtained from previously
obtained emission images7 and those data points were
fitted to obtain a relationship between Mach disk
location and elapsed time. In general, the spectra
recorded near the capillary exit (ζ t ≈ 0) are
predominantly blackbody in nature, with discrete
features appearing as reversed lines due to self-
absorption at the cooler outer edges of the optically
dense plasma. Axial profiles of the population
temperature in the plasma jet at different times are
shown in Fig. 11. It should be noted that the measured
population temperatures have an average standard error
of ± 4,500 K upstream of the Mach disk (ζ t < 1), and ±
5,600 K downstream of the Mach disk (ζ t > 1),
respectively. During the interval 60 µs ≤ t ≤ 120 µs, the
axial location of the temperature jump moves
downstream. The temperature jump is clearly due to the
Mach disk, and its location is in good agreement with
the Mach disk location inferred from the visible
emission images taken by Kohel, et al.7 Once the
temperature reaches a maximum just downstream of the
Mach disk, it apparently decreases further downstream.
This is seen from the data obtained at t = 60 and 80 µs.
This is probably due to the reacceleration of the flow
downstream of the shock. For 140 µs ≤ t ≤ 160 µs there
is no appreciable axial variation in temperature, and a
temperature of about 14,000 K was observed.
Temperature distributions along the jet centerline for

regions as a function ζ t are shown in Fig. 12. This
figure shows that all of the profiles are similar when
plotted as a function of the nondimensional axial
distance. This is remarkable because the data represent
different times during the discharge where the capillary
source conditions would be expected to vary widely.
However, regardless of the time (and hence the
instantaneous current), we observe that two
temperatures (upstream and downstream of the Mach
disk) can essentially characterize the entire axial
profile, i.e. Texc = 14,000 K for ζ t  <  1 and Texc = 25,000
K for ζ t > 1.

Electron Density

In order to determine the electron number densities
we used the results of Gigosos, et al.,31 who have
calculated the Stark widths of the first three lines of the
Lyman and Balmer series of hydrogen including the
important contribution of ion-broadening. Their
simulation results show that the Stark widths do not
have a strong dependence on either the plasma
temperature or atom-ion reduced mass (µ). To obtain
electron number densities, we used the corrected line
width of Hα and take the plasma temperature to be
15,000 K and the reduced mass to be 1.0 amu31

(roughly corresponding to a hydrogen emitter in a
mixture of heavier ion perturbers).

Figure 13 shows measured electron number density
(ne) profiles in the plasma jet at several fixed times. The
measurements have an estimated uncertainty of 6×1015

cm-3 for ζ t < 1, and 7.5×1015 cm-3 for ζ t > 1 respectively.
The jump in the electron density across the Mach disk
(to ne ≥ 1×1018 cm-3) is most apparent at early times, 40
µs ≤ t ≤ 80 µs. At later times, t >100 µs, electron
densities profiles were relatively flat and the densities
were relatively small (ne ≈ 0.23×1018 cm-3). The plot of
ne as a function of non-dimensional axial distance, ζ t, is
shown in Fig. 14. As with the temperature data, the
profiles are seen to be very similar. As expected, we
observe a electron density jump across the Mach disk
(ζ t = 1). The measured electron number density ranged
from 1.7×1017 cm-3 to 5.5×1017 cm-3 upstream of the
Mach disk. We note that our measurements for electron
densities and temperature in the region of ζ t < 1 are in
good agreement with the time-averaged measurements
of Hankins, et al. near the capillary exit.32 They
measured electron densities in the range 2×1017 cm-3 to
4.5×1017 cm-3 , with temperature ranging from 8,800 to
14,000 K. The emission spectra recorded just
downstream of the Mach disk show a jump in electron
density to a maximum of about ≈2.0×1018 cm-3. Despite
significant scatter in the measurements, there appears to
be a trend toward lower electron densities further
downstream of the Mach disk.
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Conclusions

In this study, we have made temporally- and
spatially-resolved emission spectroscopic
measurements of a pulsed plasma jet produced by a
capillary discharge issuing into room air. Temperature
and electron number density axial profiles were
obtained at several times throughout the discharge.
Results show that the plasma temperature and electron
density jump across the Mach disk, as expected.
Furthermore, regardless of the time within the
discharge, the temperatures are approximately 25,000 K
and 14,000 K, respectively downstream and upstream
of the Mach disk and the corresponding electron
densities are ≥ 1.0×1018 cm-3 and ≈2.5×1017 cm-3. In
addition, we have measured the trajectory of the blast
wave using the schlieren imaging technique at
discharge energies of 0.78, 1.5 and 3.1 kJ. The results
were compared to previous results for the contact
surface and Mach disk. The results show that the blast
wave and contact surface moved together until about
160 µs after the plasma initiation. Approximately 160
µs after plasma initiation the supersonic expansion has
grown to its maximum downrange extension, and the
barrel shock structure is fully established. At later times
the blast wave decouples from the driving core jet flow,
and the constraint by the outer blast wave diminishes as
the barrel shock retreats towards the capillary exit. The
motion of the blast wave from a 5.0 kV (3.1 kJ)
discharge, did not scale as expected for a strong shock
resulting from instantaneous energy deposition at a
point. However, in accordance with the instantaneous
point deposition model, the velocity of the blast wave
scales as the square root of the dissipated energy and
shows maximum velocity (668 m/s) for the 3.1 kJ case.
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Fig. 1 Schematic diagram of principal features of a quasisteady free jet (above). Short duration (250 ns) image7 of
plasma jet emission (below):  (a) exit bore, (b) Prandtl-Meyer expansion (Mach cone), (c) barrel shock, (d) Triple-
point, (e) Mach disk, (f) Reflected shock, (g) Contact surface, (h) Jet boundary, respectively; xm is the Mach disk
location.
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Fig. 2 Schematic diagram of experimental setup for acquiring emission images and temporally- and spatially-
resolved spectra of the plasma jet.
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Fig. 3  Schematic diagram of the experimental setup for Schlieren imaging of the plasma jet.
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Fig. 4  Typical voltage and current traces obtained during a firing of the plasma jet for an initial capacitor voltage of
5.0 kV.

Fig. 5  Changes of the capillary exit diameter and mass with respect to number of firings.
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Fig. 6(a) Schlieren image of plasma jet from 2.5 kVdischarge

t1 = 34 µs t4 = 94 µs

t2 = 50 µs t5 = 114 µs

t3 = 71 µs t6 = 156 µs
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Fig. 6(b) Schlieren image of plasma jet from 5.0 kV discharge.

t1 = 34 µs t4 = 94 µs

t2 = 50 µs t5 = 114 µs

t3 = 71 µs t6 = 156 µs
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Fig. 7  Experimental data for time-dependence of blast wave radius (R) for three discharge conditions. The solid line
is a linear fit to the 5.0 kV discharge data. This corresponds to energy deposition rate parameter, β = 3 (see text).
Other lines correspond to β = 0 (instantaneous energy deposition, R ∝ t2/5) and β = 2.

Fig. 8  Dependence of blast wave velocity on initial electrical energy.
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Fig. 9 Experimental axial trajectories (symbols) of the blast wave (BW), contact surface (CS) and Mach disk (MD)
and comparison with computations (lines) of Kim and Wilson30 for β = 2. D is the exit diameter of the capillary.
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Fig. 10  Temporally- and spatially- resolved emission spectra from the pulsed plasma jet (a) 160 µs (a), and (b) 90
µs for a 5.0 kV discharge.
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Fig. 11  Axial temperature profiles in a 5.0 kV discharge at several times.

Fig. 12  Variation of plasma temperature with non-dimensional axial position, ζ t
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Fig. 13 Axial electron density profiles in a 5.0 kV discharge at several times.

Fig. 14 Variation of electron density with non-dimensional axial position, ζ t
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