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Shock wave propagation and dispersion in glow discharge plasmas
Sergey O. Macheret,a) Yuri Z. Ionikh,b) Naira V. Chernysheva,b) Azer P. Yalin,
Luigi Martinelli, and Richard B. Miles
Department of Mechanical and Aerospace Engineering, Princeton University,
D-414 Engineering Quadrangle, Princeton, New Jersey 08544

~Received 2 August 2000; accepted 6 June 2001!

Spark-generated shock waves were studied in glow discharges in argon and argon–nitrogen
mixtures. Ultraviolet filtered Rayleigh scattering was used to measure radial profiles of gas
temperature, and the laser schlieren method was used to measure shock arrival times and axial
density gradients. Time accurate, inviscid, axisymmetric fluid dynamics computations were run and
results compared with the experiments. Our simulation show that changes in shock structure and
velocity in weakly ionized gases are explained by classical gas dynamics, with the critical role of
thermal and multi-dimensional effects~transverse gradients, shock curvature, etc.!. A direct proof of
the thermal mechanism was obtained by pulsing the discharge. With a sub-millisecond delay
between starting the discharge and shock launch, plasma parameters reach their steady-state values,
but the temperature is still low, laser schlieren signals are virtually identical to those without the
discharge, differing dramatically from the signals in discharges with fully established temperature
profiles. © 2001 American Institute of Physics.@DOI: 10.1063/1.1388204#
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I. INTRODUCTION

Weakly ionized gases~plasmas! could potentially have
an impact on high-speed aerodynamics. Using plasmas
shock wave control, drag reduction, vehicle steering, so
boom attenuation, ignition of combustion in engines, a
magnetohydrodynamic~MHD! power extraction and en
thalpy by-pass is being actively discussed. Of course, fun
mental issues have to be resolved prior to any practical
plications.

The propagation of shock waves in weakly ionized pl
mas was studied in Russia,1–11,15,16and, later, in the U.S.12–14

Shock acceleration, broadening, and ‘‘splitting’’ was o
served in various direct current~dc!, radio frequency~RF!,
and pulsed discharges, in inert as well as molecular ga
Some researchers1–14 attributed experimental observations
various plasma-specific phenomena, from electric dou
layers to ion-acoustic waves to new long-range interacti
or microscopic structure formed in gas discharges. Howe
other Russian researchers15,16 found that their data can b
adequately explained by conventional thermal phenome
Gas heating, temperature inhomogeneity, and vibrationa
laxation were theoretically shown to result in ‘‘anomalou
behavior of shocks in gas discharges.17–19

In Refs. 20 and 21, analysis of various physical mec
nisms resulted in a conclusion that the ‘‘broadening,’’ ‘‘spl
ting,’’ and acceleration of shocks in gas discharges co
hardly be explained by plasma-specific effects. This is d
ultimately to the very low ionization fraction in the dis
charges, which leads to a small fraction of the total gas
ergy stored in ionized and excited states, to very ineffici
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energy and momentum transfer from electrons and ions
the bulk neutral gas, and to very long times of these tran
processes.

In 1997, two research groups simultaneously and in
pendently showed, based on inviscid computational fluid
namics~CFD! modeling,22,23 that transverse and longitudina
temperature and density gradients present in gas discha
due to Joule heating can be responsible for the obse
‘‘anomalous’’ shock profiles. The inviscid modeling of Re
22, extended in Ref. 24, emphasized that transverse grad
result in the multi-dimensional nature of shock propagati
and that attempts to interpret the phenomena in o
dimensional terms can be misleading. For example, sh
curvature could be misinterpreted as a ‘‘broadened’’
‘‘split’’ one-dimensional~1D! structure. The inviscid results
were confirmed in Navier–Stokes computations.25 Addition-
ally, as demonstrated in Ref. 25, in the case of very we
shocks~with a Mach number very close to 1! or very long
propagation distances~many meters! wall shear could also
result in an apparent ‘‘splitting’’ of laser schlieren signa
even in a cold gas.

In the present paper, we describe a combined experim
tal and computational effort to clarify mechanisms of sho
propagation in weakly ionized plasmas. Experiments w
done in a well-characterized positive column of glow d
charge in Ar and Ar–N2 mixtures. Shock velocity and struc
ture was measured using the laser schlieren method, sim
to experiments of Refs. 12–14. Since the temperature an
gradients could play a critical role in shock propagation,
dial temperature profiles in our experiments were measu
with filtered Rayleigh scattering. Axisymmetric CFD mode
ing gives a very good agreement with experimental da
thus proving that it is classical, but multi-dimensional, g
dynamics that can account for the ‘‘anomalous’’ effects.
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In order to study shock propagation in weakly ioniz
plasma with very small or absent temperature gradie
pulsed discharge experiments were carried out. Those ex
ments prove again the thermal nature of shock propagatio
gas discharges.

II. EXPERIMENTS ON SHOCK PROPAGATION IN
STEADY-STATE GLOW DISCHARGES

A. Experimental setup and procedures

The experimental setup at Princeton University26,27 is
basically similar to that of Refs. 12–14. The plasmas stud
were created by a longitudinal continuous or pulsed gl
discharge. The discharge tube, 3.8 cm i.d. and 120 cm
length, was made of quartz. Shock waves were generate
a spark discharge at the one end of the tube. The spark ci
parameters are capacitor 0.2mF, voltage 15–20 kV. The ca
pacitor discharge was controlled by a triggering spark g
The shock wave entered the discharge through a narrow~2
mm wide and 0.1 mm thick! ring electrode made of stainles
steel foil mounted adjacent to~almost flush with! the wall.
The electrode nearest to the spark was always the anod
order to prevent the incoming shock wave from passing
the hot cathode and through the cathode fall of the discha
The cathode in all pulse and most steady-state experim
was identical in size and material to the anode. In so
experimental runs, where shock profiles deep inside
plasma, far from the cathode, were studied, another cath
was used: a 25 mm diameter hollow cylinder with the a
perpendicular to the tube axis. This cathode was used
when it was far enough downstream of the shock and co
not affect shock propagation. Both the cathode and an
could be placed at different locations in the tube, so that
distance between the spark and the anode could be 20 o
cm, and the length of discharge could be 20, 40, or 60
The flexibility in changing the discharge length was used
measuring the electric field in the plasma~see below!.

Similarly to Refs. 12–14, we used a laser schlier
method28 for detecting the shock wave front~Fig. 1!. A
He–Ne laser beam crossed the discharge horizontally a
the diameter and was then focused onto the plane of a k
by a lens~f550 cm!. The beam 1/e diameter was about 0.3
mm. A photodiode with a response time of 20 ns measu

FIG. 1. Schematic of the experimental setup for studies of shock prop
tion in glow discharges.
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the light intensity after the knife edge. The signal was
corded by a digital oscilloscope with 1 kV resistor at the
input, and a time resolution'0.1 ms. In some measuremen
a miniature pressure sensor was also used.

To measure the instantaneous shock wave velocity
used an approach similar to that proposed in Ref. 29. A
the laser beam crossed the discharge it was retro-refle
from a small 90° prism and passed through the discha
once more with the spatial offset and then focused onto
knife edge. This produced two closely separated schlie
signals of opposite signs. Shock wave velocity was found
dividing the distance between the two beam passages~12 to
21 mm! by the time gap between the schlieren signals. T
method provided an accuracy of absolute velocity near 3 p
cent ~'10 m/s! and that of relative velocity about 0.5 pe
cent ~2 m/s!.

Experiments were performed in an Ar–N2 mixture ~1%
of N2!. The addition of nitrogen substantially improved th
radial uniformity of the discharge. A pure argon dischar
contracted at currentsi.30–40 mA ~for pressuresp>30
Torr!. With nitrogen the discharge was not contracted at
conditions studied~p<100 Torr, i<100 mA!. To prevent
electrophoresis and the accumulation of impurities, the
mixture was pumped through the discharge with a rate of
sccm, which corresponded to 5–10 cm/s linear speed in
tube. Control measurements with the gas flow turned off
a short time gave shock velocities and schlieren profi
identical to those with the flow on.

As was already mentioned, the flexibility in changing t
discharge length allowed us to measure an electric fieldE in
a positive column of the discharge~cathode voltage dropVc

could also be found in these measurements!. For p530–50
Torr, i530–100 mA theE value was from 8 to 14 V/cm.
Assuming a Bessel radial profile for gas temperature,
calculated the reduced electric fieldE/N ~N is the gas number
density! and electron number densityne . Averaged over the
tube cross section, these values areE/N51.2–1.4 Td,ne

5(1.2– 4)31010 cm23 for the condition range mentione
above.

B. Measurements of temperature profiles

We have used ultraviolet filtered Rayleigh scatteri
~UV FRS!30,31 to measure temperature profiles of the d
charges studied. A summary of these measurements is
sented here. A narrow linewidth laser is used to illumina
the sample gas and the scattered light is imaged throug
narrow band absorption filter onto a detector, as shown sc
matically in Fig. 2. The laser should be tunable so that it m
be tuned within an absorption notch, and narrow linewidth
that the elastic background~due to windows, particulates
etc.! is narrow compared to the spectral width of an abso
tion notch. The amount of scattered light measured by
detector depends on the spectral overlap of the scattered
and the filter absorption profile. The filter offers very nea
100% transmission outside of the absorption notches, ye
extremely optically thick~suppression modeled as 105 and
higher! within the absorption notches. The light scattered
the atoms and/or molecules in the flow is thermally and c

a-
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FIG. 2. Schematic diagram of experimental setup f
UV FRS measurements of temperature profiles.
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lisionally broadened, and is therefore spectrally wider th
the laser and background. When the laser is tuned to ove
an absorption notch, the filter serves to suppress the b
ground while transmitting a large fraction of the light sca
tered from the flow. By an appropriate selection of filter co
ditions, and laser frequency, one may obtain very stro
background suppression~greater than 105! while transmitting
close to half the scattered light.

Depending on the conditions of a specific measurem
slightly different approaches may be used. In cases of c
stant~known! pressure we use a method which precludes
need for background subtraction. The approach is to ratio
FRS signal at a temperature to be measured,TM , to the
signal at a known temperature,Tref . Both measurements ar
taken at the same frequency within an absorption notch
that any background is strongly suppressed in both case
constant pressure there is a one-to-one correspondenc
temperature and density so that the measured ratio uniq
defines the unknown temperatureTM . The signal ratio is
primarily determined by the density ratio, with a smaller o
posing contribution from lineshape effects.

Modeling results for the present measurements
shown in Figs. 3 and 4. Figure 3 shows the modeled fi
transmission profile and FRS signal levels as functions

FIG. 3. Modeled FRS signal levels for argon at a range of temperatu
Mercury has several absorption notches in the 253.7 nm vicinity, howe
Fig. 3 shows the experimentally used~high-frequency! notch.
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frequency. The filter has a length of 5 cm, a mercury va
pressure of 0.0030 Torr, and a temperature of 315 K. In
spectral region, mercury has six absorption notches du
hyperfine splitting and different isotopic contributions. Fi
ure 3 is a closer view of the highest frequency absorpt
notch—the one used in the current work. The nominal lo
tion of the lines is at 253.7 nm. The modeled FRS sig
levels are for a scatterer of 50 Torr of argon at various te
peratures. The Rayleigh scattering cross-section is not
fected by the weak ionization and so the curves describe b
argon gases and the plasmas used in these experiments
signals are normalized to 300 K~by the ideal gas law! so that
their relative magnitude scales as would be measured b
detector. In the absence of the filter the signal is linear w
density~or 1/T!, while within the absorption features there
also a weaker effect from the variation of a scattering lin
width with temperature. From such modeling one may fi
the relationship between the experimentally measured F
signal ratio,

Ratio5FRS signal~T5TM !/FRS signal~T5Tref!,

and the unknown temperatureTM . Figure 4 is such a curve
In this case the unknown temperature,TM , corresponds to

s.
r,FIG. 4. Look-up graph used to convert signal ratio found with discha
ON/OFF to plasma temperature.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 5. Radial temperature profile in
an Ar glow discharge tube measure
by UV filtered Rayleigh scattering.
Pressure and electric current are ind
cated on the plot. Fitting curve—se
Eq. ~1!.
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the ‘‘plasma on’’ temperature while the reference tempe
ture, Tref , corresponds to the ‘‘plasma off’’ temperature—
this caseTref5308 K.

The experimental configuration for FRS temperatu
measurements is illustrated in Fig. 2. A high power, tunab
narrow linewidth titanium sapphire laser32 was used as the
excitation source. The frequency-tripled output was de
ered to the plasma tube through several anti-reflection co
beam-shaping optics. For these experiments pulse energi
;10 mJ in the ultraviolet~254 nm! were used. The beam
passed through a quarter-wave plate to ensure the co
orientation of the linearly polarized beam, and through
half-wave plate to correct for the slight elliptical polarizatio
introduced at the tube windows. Several irises were use
reduce stray light carried with a beam. A long focal leng
lens~;90 cm! was used to weakly focus the beam to a wa
of ;200 microns at the sample volume. The sample volu
was within the discharge tube and was defined by the la
beam waist and an iris located between the discharge
and imaging lens~f#52.4!. The geometry was such that th
sample volume had a length of about 1 mm. The scatte
light was collected at a scattering angle of 90 degrees w
the imaging lens and imaged through the mercury vapor
ter. The filter had length 5 cm and had two temperature c
trollers yielding a vapor pressure of 0.003 Torr, and a fil
temperature of 315 K. After the mercury filter, the lig
passed through a monochromator, which acted as a b
passband filter, while rejecting plasma luminosity and ot
colors of light from the laser. Finally, the scattered light s
nal was collected with a Hamamatsu R960 photomultip
tube. After propagation through the discharge tube a qu
flat was used to pick off a fraction of the beam for pow
normalization as well as a frequency reference. The pic
off beam illuminated a diffuser, and the elastically scatte
light was detected through a second mercury filter~fre-
quency reference!, as well as measured by a photodio
~power reference!. The latter two measurements used th
film interference filters~CORION G25-254-F! for spectral
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filtering. The three signals were collected with a Stanfo
Research System boxcar onto a computer.

In plasma temperature profile measurements, a ther
couple was used to the measure the wall temperature.
1-D translation stages were used to translate the disch
tube horizontally relative to the laser beam. Radial profi
along the horizontal axis were found by translating the d
charge tube. Profiles were obtained in the argon plasm
well as the argon plus 1% nitrogen mixture, both at a pr
sure of 50 Torr, at several different values of electric curre

For the range of experimental conditions studie
p530–50 Torr, i530–100 mA, the steady-state centerlin
temperature range was found to be from 440630 K to
830670 K. Figure 5 shows the experimental profile of a
argon plasma at pressure 50 Torr and current 20 mA. Figu
6 and 7 are experimental profiles of an argon11% nitrogen
mixture at a pressure of 50 Torr, and currents of 10 and
mA, respectively. The experimental points are in good agr
ment with computation.31 We have plotted them here wit
fitted Gaussian curves:

T~r !

Tw
5

Tc

Tw
expF2 ln

Tc

Tw
•~r /R!2G , ~1!

where Tc and Tw are the centerline and wall temperatur
respectively;r is the radial variable; andR is the tube radius.

III. RESULTS OF SHOCK PROPAGATION STUDIES IN
STEADY-STATE DISCHARGES AND COMPARISON
WITH CFD AXISYMMETRIC MODELING

In our earlier work,22,24 we performed a 2-D inviscid
modeling of shock propagation through a discharge-hea
gas and concluded that transverse gradient and m
dimensionality play a crucial role in shock propagation
glow discharges, and that multi-peak laser schlieren sign
are simply due to the shock curvature. For better compari
with experiments, in this work we developed an axisymm
ric version of our code. The code solves the axisymme
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 6. Radial temperature profile in
an Ar11%N2 glow discharge tube
measured by UV filtered Rayleigh
scattering. Pressure and electric cu
rent are indicated on the plot. Fitting
curve—see Eq.~1!.
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conservative form of the Euler equations on unstructur
triangular, adaptive meshes. The flux balance and shock
turing were carried out by extending the Bhatnagar–Gro
Krook ~BGK! solver developed and validated in Ref. 33
axisymmetric problems. The grid adaption technique w
identical to the one used for the two-dimensional code. T
‘‘driven’’ gas was initially at rest, and a shock wave of pr
scribed strength separated initially the ‘‘driven’’ gas from t
‘‘driver.’’ The state of the ‘‘driver’’ gas was specified accord
ing to the Rankine–Hugoniot conditions.

The subsequent development of the flow field was co
puted by solving time-dependent Euler equations in con
vation form. Thus, no additional care was required to sat
the Rankine–Hugoniot conditions, and the correct sh
propagation and jump conditions across shocks and o
discontinuities were captured by the solution.

As found in the earlier work,24 to model shock structure
on a 10 microsecond time scale, simple computations o
‘‘piston-driven,’’ or ‘‘step’’ shock would suffice. This is due
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to the fact that the initial spark-generated shock broaden
much in its 20–40 cm path to the discharge entrance o
measurement point that on the 5 mm distance~or 10ms time
interval! from the shock front the shock is very close to
‘‘step’’ shock.24 This simplification, while being quite accu
rate, saved us from running extremely CPU-intensive f
computations of the spark-generated pulse shocks.
plasma region between the infinitely thin electrodes was c
sidered uniform along the tube axis~x!, and to have a sym-
metric radial temperature profile described by the analyt
fit ~1! to the experimentally measured profile. Both the w
temperature and the gas temperature outside the disch
were set equal to room temperature. Thus, there was a s
thermal diaphragm between the cold and hot regions. In
absence of diffusion~both physical and numerical! this dia-
phragm will remain fixed with respect to a quiescent g
until the incident shock impinges upon it. The initial positio
of the incident shock in the calculations reported here w
one tube radius to the left from the boundary between
r-
FIG. 7. Radial temperature profile in
an Ar11%N2 glow discharge tube
measured by UV filtered Rayleigh
scattering. Pressure and electric cu
rent are indicated on the plot. Fitting
curve—see Eq.~1!.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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2698 Phys. Fluids, Vol. 13, No. 9, September 2001 Macheret et al.
cold and the discharge-heated gases. Mach numbers o
incident shock were selected so as to give the shock velo
in the uniform room-temperature gas at a given locat
close to that measured experimentally with the discharge

For comparison with laser schlieren measurements,
density gradient integrated in thex direction across the nar

FIG. 8. Calibration of the ‘‘laser beam width’’ for CFD modeling against
laser schlieren signal with the discharge off. Note: experimental timet was
measured from the moment of spark firing, while the computational timt
was counted from the moment when the shock was located at a distan
one tube radius to the left of the discharge.
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row ‘‘laser beam’’ and averaged in the radial direction acro
the tube was computed. The ‘‘laser beam’’ width in the co
putations was adjusted once to match the experimentally
termined width of the schlieren signal with the discharge o
The result of this calibration is shown in Fig. 8. As seen
the figure, computations reproduce the shape of the exp
mental peak very well.

Note that in the experiments time was measured fr
the moment of spark firing, while the computations star
with the shock located at a distance of one tube radius to
left of the discharge region. Thus, computational time
shifted with respect to the experimental one by a const
This is reflected in Figs. 8–11. For example, in Fig. 9, t
experimental signals are plotted versus~t2700 ms!, wheret
is the time from the spark firing, and the computational
sults are plotted against (t2420 ms), with the computationa
time t counted from the moment when the shock was loca
at a distance of one tube radius to the left of the discha
region. The constant shift oft obviously does not affect dif-
ferential measurements or computations of shock velocit

Figures 9–11 show measured and computed schlie
signals in pure argon~Fig. 9! and Ar11%N2 ~Figs. 10 and
11!. In each figure, upper plots correspond to the dischar
off case, while lower plots correspond to the discharge c
rent of 20 mA~Fig. 9!, and 10 and 40 mA in Figs. 10 and 11
Figures 10 and 11 differ in that the schlieren measurem
point in Fig. 11 is about 11 cm downstream of that in Fig. 1
Measured and computed velocities of shock waves
shown near all the signals in Figs. 9–11.
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FIG. 9. Experimentally measured an
simulated laser schlieren signals fo
shocks propagating in a glow dis
charge in pure Ar at 50 Torr. The dis
charge current is 20 mA. The first o
the two laser beams is located 18 c
from the entrance to the discharge, an
the spacing between the two beams
3.6 cm. The experimentally measure
and computed shock velocities are in
dicated in the figure. Note: experimen
tal time t was measured from the mo
ment of spark firing, while the
computational time t was counted
from the moment when the shock wa
located at a distance of one tube radiu
to the left of the discharge.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



ls
-

A
r
-
c-
.

d
-
l
t

a
ft

2699Phys. Fluids, Vol. 13, No. 9, September 2001 Shock wave propagation and dispersion
FIG. 10. Experimentally measured
and simulated laser schlieren signa
for shocks propagating in a glow dis
charge in Ar11%N2 at 50 Torr. The
discharge current values are 10 m
and 40 mA. The first of the two lase
beams is located 9 cm from the en
trance to the discharge, and the spa
ing between the two beams is 2.1 cm
The experimentally measured an
computed shock velocities are indi
cated in the figure. Note: experimenta
time t was measured from the momen
of spark firing, while the computa-
tional timet was counted from the mo-
ment when the shock was located at
distance of one tube radius to the le
of the discharge.
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As seen in the figures, agreement between the comp
tions and experiments, in both shock velocities and the t
peak signal shapes, is excellent. As discussed in Ref. 24
two-peak structure of the laser schlieren signals is due to
curvature of the shock front in a region with transverse te
perature gradient. This is illustrated in Figs. 12~a!–12~d!,
where lines of constant density are shown in four mome
of time, as the shock propagated from the room-tempera
gas into the plasma. Note that flow perturbations upstream
the moving shock, such as the distortion of the bound
between hot and cold regions seen in Figs. 12~c! and 12~d!,
do not affect shock propagation. The first peak in t
schlieren signal comes from the portion of the shock t
propagates through the hot centerline region. The high t
perature and low density in this region result in both high
shock speed and lower intensity of the peak compared w
those corresponding to colder near-wall regions. The por
of the shock moving through the cold near-wall region la
behind and produces a strong peak in the signal due to
high density near the wall.@Note that in Fig. 12~d!, a well-
resolved Mach stem is discernible near the wall.# The de-
crease in the schlieren signal following the first peak is d
to the curvature of the shock. Indeed, the signal is prop
Downloaded 17 Sep 2001 to 128.112.32.240. Redistribution subject to 
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tional to the axial component of the density gradient. The
fore, with the decrease of the shock angle with the tube a
from 90° to lower values@Fig. 12~d!#, the signal weakens
substantially.

Although in Figs. 9–11 the agreement between co
puted and experimentally measured parameters is excel
it is not perfect. Specifically, computed shock velocities a
distances between two peaks in schlieren signals agree
well with experimental values. On the other hand, compu
height of both peaks in the signals relative to the sig
strength between the peaks is higher than that in exp
ments. One of the principal uncertainties in computations
due to the use of Gaussian fit~1! to the experimentally mea
sured temperature profile, especially since temperature m
surements have their own errors. Next, neither experime
nor computational~the latter—due to the mesh size! resolu-
tion is perfect. Still another factor is the use of an invisc
model that disregards viscosity and heat conduction. Acco
ing to the data of Ref. 34, kinematic viscosity of Ar at 5
Torr, 300 K, is n52.1 cm2/s, and at 50 Torr, 600 K, it is
n57.1 cm2/s. Thermal diffusivity values are, of course, com
parable with those of viscosity.34 The total width of the sig-
nal ~that is, the distance between the peaks! in Figs. 9–11 is
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 11. Experimentally measured
and simulated laser schlieren signa
for shocks propagating in a glow dis
charge in Ar11%N2 at 50 Torr. The
discharge current values are 10 m
and 40 mA. The first of the two lase
beams is located 20 cm from the en
trance to the discharge, and the spa
ing between the two beams is 3.7 cm
The experimentally measured an
computed shock velocities are indi
cated in the figure. Note: experimenta
time t was measured from the momen
of spark firing, while the computa-
tional timet was counted from the mo-
ment when the shock was located at
distance of one tube radius to the le
of the discharge.
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aboutt510 ms. During this time, viscosity and heat condu
tion can smear velocity and density profiles on a length sc
of d'A6nt50.1– 0.2 mm. Since the width of each pea
converted into the length scale is about 0.5 mm, and
distance between the peaks—about 5 mm, viscosity and
conduction cannot change the overall structure of
schlieren signals, which reaffirms the validity of invisc
modeling; however, some smearing of the signals can oc
helping to fill the ‘‘trough’’ between the peaks.

Note that since the linear velocity of the gas downstre
of the shock is extremely low, 5–10 cm/s, boundary laye
virtually nonexistent prior to the shock arrival. Behind th
shock, boundary layer thickness growth with distancex can
be estimated, similar to the previous paragraph, asd
'A6nt, wheret5x/u, andu is the gas velocity behind th
shock. On the time scale of 1–10ms after the shock passag
the boundary layer will grow to onlyd50.03– 0.09 mm in
our experimental conditions. Thus, the boundary layer
very thin in the vicinity of the shock and does not affe
schlieren signals. As to the boundary layer farther upstre
it has no effect on the shock propagation.
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For further quantitative comparison between compu
tional and experimental results, Figs. 13 and 14 show
width of schlieren signals versus centerline temperature~Fig.
13! and the shock velocity versus average temperature in
discharge~Fig. 14!, using the same set of shock propagati
data. The average temperature was determined in a stan
way:

Tav5
*0

RT~r !•2prdr

pR2
. ~2!

Again, Figs. 13 and 14 show excellent agreement betw
computations and experimental data. This provides a str
evidence of conventional, thermal mechanism of sho
propagation in weakly ionized plasmas.

IV. EXPERIMENTS ON SHOCK PROPAGATION IN
PULSED DISCHARGES

To distinguish between thermal and plasma-spec
mechanisms of shock propagation, it would be desirable
eliminate temperature effects while maintaining plasma w
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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the same density of charged particles, electric field, etc.
fortunately, a conventional steady-state discharge is a sys
where thermal effects are coupled with electric fields a
electron density. However, in pulsed discharges, a relativ
long time interval can exist when electron, ion, and exci
molecule densities are quite high while the temperature
low. Indeed, gas heating and cooling occurs on time sc
orders of magnitude longer than the time scale for ionizati
recombination/excitation processes.35

In this work, the pulsed mode of the discharge was p
duced by using a transistor switch in series with the d
charge. The rise time for the current pulse was 20ms, and the
pulse duration was about 0.5 ms. It was found that this t
was insufficient to get a uniform discharge. In fact, when
discharge was turned on, undesirable transitional proce
~for example, discharges on the wall of the tube! were ob-
served. Therefore a weak pilot discharge with 1 mA curr
was maintained between pulses, which resulted in a fa
uniform volume pulsed discharge. Figure 15 shows the
charge pulse shape and the time dependence of disch

FIG. 12. Computed constant-density lines during shock propagation
glow discharge tube~pure Ar, 50 Torr, 20 mA!: ~a! t521 ms, prior to shock
entry into the discharge;~b! t543 ms, shock entering the discharge;~c! t560
ms, shortly after the shock entered the discharge;~d! t5123 ms; the shock
has penetrated deep inside the discharge. The computational timet was
counted from the moment when the shock was located at a distance o
tube radius to the left of the discharge.
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integral emission~with no shock wave!. Clearly, at times
near to the middle of the pulse the emission reaches
steady-state value, similar to that of the continuous d
charge. The initial peak of intensity is a result of the high
electric field arising in the discharge immediately after t
transistor switch is opened~see below!.

As shown in Figs. 16 and 17, for the pilot discharge
small acceleration, accompanied by some widening
weakening of the signal can be noticed, but the changes
very small compared to the higher-current continuous d
charge. This is no surprise since the electron number den
in the pilot discharge is'108 cm23 only and the measured
axial gas temperature is less than 320 K.

a

ne

FIG. 13. The width of the schlieren signal in the discharge~D! minus the
signal width with the discharge off (D0) vs temperature difference betwee
the axis and the wall,Taxis2Tw . Gas mixture Ar10.16%N2 , pressure 50
Torr; 3 cm spark gap, 15 kV spark voltage; the first laser beam is 24.8
inside the discharge; spacing between the two beams is 2.9 cm.

FIG. 14. Shock wave velocity vs average temperature@definition—see Eq.
~2!# in the discharge. Gas mixture Ar10.16%N2 , pressure 50 Torr; 3 cm
spark gap, 15 kV spark voltage; the first laser beam is 24.8 cm inside
discharge; spacing between the two beams is 2.9 cm.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 15. Discharge current and integrated spectral emission vs time du
the pulse.

FIG. 16. Schlieren signals and shock velocities in a glow discharge
Ar11%N2 at 50 Torr: the discharge off; 38 mA continuous dc dischar
weak ~1 mA! pilot discharge, and a pulsed discharge.
Downloaded 17 Sep 2001 to 128.112.32.240. Redistribution subject to 
Much more important is that schlieren signal obtain
from the pulsed discharge, as seen in Figs. 16 and 17, clo
matches both no-discharge and pilot-discharge curves, an
very unlike the signal from the continuous discharge. Af
the transistor switch is turned on, the discharge curr
reaches its new steady-state value in'20 ms. This value is
almost the same as in continuous discharge. The electric
strengthE in the pulse could be found by subtracting catho
dropVc and voltage drop across the ballast resistor from
power supply voltage. TheE values were found to be some
what larger than in the continuous discharge, but theE/N
values are almost identical. Thus, the electron number d
sities and mean electron energies~electron temperatures!
should be very close to those in the continuous discha
This is confirmed by the behavior of the discharge emiss
~Fig. 15!. It reaches its steady-state value that is very clos
that of the continuous discharge. An initial overshoot is
lated to the over voltage applied to the discharge in the tr
sition period~;20 ms! from small to large current. Highe
E/N values in this interval result in efficient excitation o
atoms and molecules, including those with radiative lifetim
;1–10ms ~e.g., intensive bands of the first positive syste
of the N2 molecule!.

The increase in gas temperature,DT, during the pulse
for the pulse durationtp may by calculated from the simpl
balance equationiEtp5cpmlDT, where cp is the specific
heat, andml is a mass of gas per unit length. Here we igno
heat losses because the pulse duration is a factor of 100
than the characteristic time for thermal conductivity. For t
conditions of Fig. 16, this equation givesDT50.4 K20.6 K.
Thus, the pulsed discharge has electron component pa
eters~ E/N, ne , Te) the same as in the continuous discharg
but the gas temperature is the same as in the pilot discha

ng

in
,

FIG. 17. Schlieren signals and shock velocities in a glow discharge
Ar11%N2 at 50 Torr: the discharge off; 80-mA continuous dc dischar
weak ~1 mA! pilot discharge, and a pulsed discharge.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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that is, close to room temperature. Comparing the th
schlieren curves of Fig. 16~and, similarly, those of Fig. 17!
definitely shows that changing the electron density by t
orders of magnitude does not affect shock wave propaga
while changing gas temperature fromTg'320 K to Tg

'500– 600 K~from the pilot or pulsed discharge to the co
tinuous discharge! affects the shock dramatically. This resu
may by considered as a strong evidence of thermal me
nism of shock wave–plasma interaction.

To further illustrate the role of heating in shock dynam
ics, Fig. 18 shows schlieren signals taken with a time de
between turning the discharge on and launching the sh
ranging from 1 ms to 200 ms. The 1-ms-delay signal is v
close to that in the pilot discharge, while the 200-ms-de
signal is close to that in the continuous discharge. It ta
tens and hundreds of milliseconds of the discharge existe
for the signal to get close to its steady-state shape. The s
point is also illustrated in Fig. 19, showing measured sh
speed and schlieren signal width approaching their dc
charge values as the discharge is allowed to exist lon
Only gas heating in the discharge takes that long; ioniza
and excitation processes are many orders of magni
faster.

As the discharge is turned off, one would expect therm
effects to persist for a long time, tens or even hundreds
milliseconds, when the recombination of a charged spe
and the quenching of excited states will be long since co

FIG. 18. Evolution of the schlieren signal at a fixed location inside
discharge with a time delay between the beginning of the discharge an
shock launch.
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plete. Indeed, this persistence is clearly seen in Figs. 20
21, again supporting the thermal mechanism of shoc
plasma interaction.

It should be noted that vibrational temperature, or pop
lations of vibrational states, of nitrogen molecules, could
another parameter~apart from the gas temperature! that is
quite different in pulsed and continuous discharges. The
brational relaxation characteristic time is 1–2 orders of m
nitude longer than the pulse duration, so the vibrational te
perature in the pulsed discharge must be almost the sam
in the pilot ~1 mA! discharge.

To clarify the role of vibrational relaxation, shock wav
propagation through pure argon discharge was also studie
low currents where contraction did not occur. In Fig.
schlieren signals for the two gases~Ar and Ar11%N2) are
compared. The main features of schlieren signals for b
cases are similar. For a more detailed comparison, one h
take into account that the addition of even 0.1%–1% of
trogen to argon dramatically changes the electron drift vel
ity for the sameE/N.36 Another important factor found in ou
experiments is that the values ofE/N in Ar11%N2 are sub-
stantially lower than those in pure Ar. SinceE/N in the posi-
tive column is determined by the local ionization balance35

ionization, and/or recombination rates must be affected
the addition of nitrogen. The exact mechanism of the
crease inE/N with nitrogen addition is not clear at this time
and, being outside the immediate goal of this work, can
investigated in the future. One possible explanation is t

he

FIG. 19. Evolution of shock velocity and the width of the schlieren signa
a fixed location inside the discharge with time delay between the begin
of the discharge and the shock launch.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 20. Evolution of the schlieren signal at a fixed location inside
discharge with a time delay between the end of the discharge pulse an
shock launch.

FIG. 21. Evolution of shock velocity and the width of the schlieren signa
a fixed location inside the discharge with time delay between the end o
discharge pulse and the shock launch.
Downloaded 17 Sep 2001 to 128.112.32.240. Redistribution subject to 
metastables, such as N2(3S), and vibrationally excited nitro-
gen molecules enhance the ionization. In any case, the re
tion in E/N is an experimental fact, and it results in a low
gas temperature in Ar11%N2 even at the same current as
pure Ar ~see, for example, Figs. 5 and 7!. For a meaningful
comparison of shock propagation data in Ar and Ar1N2

mixtures, at least one of the parameters—electric curr
electron number density, or gas temperature—should be
same in both cases. Data presented in Fig. 22 for Ar11%N2

mixture are shown ati520 mA ~the same as for pure argon!,
at 40 mA, where gas temperatures are close for both
charges, and at 60 mA, where electron densities are alm
equal. It is evident that for the condition of almost-equal g
temperatures~40 mA! similarity of the patterns is the bes
This eliminates unambiguously the vibrational relaxation
fect and supplies more evidence of the thermal mechanism
shock dispersion.

V. CONCLUSIONS

Extensive experimental data on shock propagation
steady-state glow discharges in argon and argon–nitro
mixtures were found to be in excellent agreement with hig
accuracy axisymmetric CFD modeling. This provides co
pelling evidence that shock acceleration, attenuation,
‘‘broadening’’ in weakly ionized plasmas can be explain
by conventional gas dynamics, with multi-dimensional
~due to transverse temperature gradients! playing a critical
role.

Experiments with pulsed discharges allowed us to se
rate thermal effects from those due to electric fields a
charged particles. It turned out that gas heating is neces
for shock velocity and schlieren signal parameters to at
their steady-state values. This provides a direct proof of th
mal mechanism of weakly ionized plasma effects on sh
propagation.

the

t
e

FIG. 22. A comparison of shock schlieren signals at a fixed location in
and Ar11%N2 discharges at 50 Torr and various values of the elec
current.
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