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Strong double-layer formation by shock waves in nonequilibrium plasmas
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Strong double-layer formation by acoustic shock wave~,M52! propagation in a low-pressure, N2 positive
column plasma has been quantified, near the shock front, by measurements of the voltage jump and the
enhancements of both theB 3Pg–A 3Su

1 plasma emission and the electron density. The large polarity depen-
dence~or shock direction! of these effects and potential jumps of more than 20kTe across the shock-created
interface indicate that the measured shock-induced electron heating effects~localized excitation and ionization
rate! are caused by the formation ofstrongdouble layers maintained by the traveling shock front.

DOI: 10.1103/PhysRevE.67.047401 PACS number~s!: 52.50.Lp, 47.40.Nm, 52.70.Gw
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Previous studies have shown that gas dynamic sh
propagation through a plasma locally polarizes the plas
and forms space-charge layers at the shock front@1–3#. The
shock wave propagation produces a discontinuous jum
the neutral density. In a weakly ionized dc discharge, t
neutral density jump creates associated discontinuities in
electron temperature and electron density. It has been sh
that a double layer forms at such an interface and that
strength of double-layer formation is determined by t
mean electron temperature differences between the plas
@4–6#. The potential jump across a current-free station
double layer, separating plasmas with two different me
electron energies@4#, is limited to about 2kTe , which is in
agreement with the previously calculated potential ju
across a gas dynamic shock front@2,3#. However, under our
experimental conditions with current flow, we measure v
large potential jumps across the shock. In this work,
present the evidence for the formation of a travelingstrong
double layer near the shock front for shock propagati
through a nonequilibrium (Te@Ti) glow discharge plasma
The existence of a strong double layer with a signific
potential jump leads to local electron heating@5–8#, excita-
tion, ionization, and local gas heating. The last effect c
tributes to shock broadening and velocity change in addi
to the effect of overall discharge heating@9–11#. The detailed
application of plasmas in the aerodynamics of flight is d
scribed in a recent review article@12#.

In this paper, we report measurements of the formation
a moving~faster than ion thermal speed! strong double layer
when a weak acoustic shock wave~,M52! propagates
through a low-pressure~3–5 Torr!, low-current-density~2–5
mA/cm2!, N2 positive column plasma. An electric-spar
driven shock tube is used to generate shock waves, and
shock-wave-induced modulations of the plasma proper
are measured in a 3 cmdiameter discharge tube with glas
wall conformal electrodes spaced 20 cm apart shown in
1. The experimental details are described elsewhere@13#.
The shock-induced double-layer strength is determined u
a pair of floating probes, spaced 2 cm apart axially; the flo
ing voltage differential is used to measure the potential ju
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across the shock front. The probe time response is limited
the response time of the probe sheath and the circuit cap
tance of the high-impedance circuit. Since the electron te
peratures before and after the shock front are relatively c
~1 and 0.3 eV!, the floating potential difference is a goo
approximation of the plasma potential difference. The e
dence of local electron heating by the strong double laye
obtained from measurement of the enhancements of d
electron impact excitation and of ionization. The excitati
enhancement is measured by using a photomultiplier wit
narrowband spectral filter to select theB 3Pg–A 3Su

1 ~0,2!
transition at 775.4 nm. A 100 mm focal length lens withF 30
optics is used to obtain 1.7 mm spatial resolution over the
mm radial plasma column. The electron density on both si
of the shock discontinuity is measured using an X-band~8
GHz! microwave interferometer with a pair of 30 cm diam
eter focusing mirrors coupled to a pair of standard g
horns. This transmit-receive microwave beam arrangem
provides 4 cm spatial resolution at the beam waist, which
adequate for comparison of the electron densities on b
sides of the shock discontinuity. The arrival of the sho
wave in the viewing volume of the plasma emission, floati
probes, and microwave beam is measured by a coloc
photodeflection laser beam@13#.

FIG. 1. Schematic of experiment. In an alternative setup,
photomultiplier and filter are replaced by the transmit/receive
tennas of a microwave interferometer.
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Figure 2~a! shows the normalized neutral density jum
~integrated photodeflection signal! @9,13# for a M 1.76 shock
front as it moves through the positive column. The photo
flection laser beam is located at the same position in
positive column as the photomultiplier. The neutral dens
increases by a factor of 2.2 behind the M 1.76 shock fro
Figure 2~b! shows the shock-induced modulation of d
charge voltage and current for both cathode to anode
anode to cathode shock propagation directions. The gas p
sure was 3 Torr, the discharge current 20 mA. The sh
wave velocity was M 1.76. The time period during which t
shock wave traverses the discharge is indicated by the v
cal dashed lines. As observed previously@13#, the global
effects of the shock were that the discharge voltage decre
and the current increases by 10% for about 100ms for cath-
ode to anode shock propagation direction; for the oppo
propagation direction the voltage increases and the cur
decreases immediately. The decay of the discharge cu
after the shock exits the plasma region is exponential.
B-A plasma emission, shown in Fig. 3, indicates that loca
at the photomultiplier observation point the light intens
increases when the shock wave enters the discharge for
ode to anode propagation and decreases for the opp
propagation direction. The electrical and the plasma emis
effects, before arrival of the shock at the observation po
are caused by the global electrical circuit response to
propagating shock wave@13#. A sharp and pronounced pea
of 775.4 nm emission is observed when the shock w
passes through the observation region for both propaga
directions. The emission peaks have a rise time of 2ms and
a decay time of about 40ms. The long decay time is probabl
caused by the heavy-particle-collision-induced excitat

FIG. 2. ~a! Integrated photodeflection signal showing the n
malized neutral density jump at the shock front for M 1.76 sho
wave. ~b! Discharge voltage and current in a 3 Torr, 20 mA d
charge in N2 for a shock propagating from cathode to anode~thick
curves! and anode to cathode~thin curves!. The time during which
the shock traverses the 20 cm long discharge is indicated by
vertical dashed lines. The spark discharge generating the s
wave is at 0 ms.
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@14# of the B state due to the reaction N2(A 3Su
1)

1N2(X 1Sg
1 , v>5)→N2(B 3Pg)1N2(X 1Sg

1). ~Both the
A 3Su

1 state and the vibrationally excited ground state ha
long lifetimes.! The rapid rise in intensities of the 775.4 n
emission is an indicator of a large increase in electron imp
excitation rate connected with the shock-wave-induced v
local increase inE/n value~or electron mean energy!. Due to
the resolution limits of the optical system, the tempo
width of the rising portion of the measured 775.4 nm rad
tion pulses, which corresponds to the apparent duration
the shock-wave-generated local transient increase inE/n, is
much longer than the actual width of these radiation pul
and also the duration of the increased electronic excitat
For the same reason, the amplitudes of the measured p
are much smaller than the actual radiation amplitudes.
this positive column discharge@15,16#, which runs atE/n
'45 Td (1 Td51310217 V cm2) with mean electron
temperature'1 eV, the observedB 3Pg–A 3Su

1 intensity
jumps in 2ms by at least 20% compared to the steady sta
This requires a rate of change of the electron impact exc
tion by a factor of 105 ~20% change from the steady sta
emission intensity in 2ms!. For an equivalent steady sta
this result would require that theE/n increases@15,16# from
45 to more than 240 Td. In fact, the rapid field change tra
lates the electron energy distribution instantaneously
higher energy. We estimate that a change of 10 eV is su
cient to produce the observed excitation@Fig. 3~b!#. The de-
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FIG. 3. ~a! Spatially and temporally resolved 775.4 nm emissi
under the same discharge condition as in Fig. 2 at approximately
center of the discharge for the two directions of shock propagat
~b! Local mean electron energy during shock transition as estim
from the excitation rate derived from the 775.4 nm emission int
sity.
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cay of the 775.4 nm radiation is strictly due to the populat
transfer from long-lived states after the short period of dir
electron impact excitation enhancement; no such long de
was observed with the 337.1 nm radiation@13# since theC
state is populated primarily by direct electron impact. Figu
4 shows shock-wave-induced floating probe differential vo
age changes for a 5 Torr, 60 mA discharge. Similar to
discharge voltage and 775.4 nm emission behavior, the e
tric field at the probe location rises for the cathode to an
propagation direction and decreases for the opposite d
tion before shock arrival. However, when the shock wa
passes through the probe location, in both directions a la
voltage drop is observed. The sudden drop in the volt
amounts to 25 V in cathode to anode directed shock pro
gation and 9.5 V in the opposite propagation direction. T
absolute accuracy of these voltage changes@17# is 630%.
Considering the measured voltage drops and the spatia
mension over which they occur, these voltage jumps ac
the shock front are more than 20kTe ~wherekTe is the mean
electron energy of the unperturbed plasma!, which by Pois-
son’s equation requires the formation of strong double lay
at the shock front. The high electric fields in this very loc
ized space-charge region~dimension determined by the ele
tron Debye length!, ahead of the shock front, then lead to t
enhancement of local excitation and ionization; the latter c
ates a much higher electron density behind the shock tha
the unperturbed plasma. The optical measurements ind
the enhanced electron impact excitation at the shock fron
order to quantify the enhanced ionization, the electron d
sity was measured with the microwave interferometer. R
sults are shown in Fig. 5 for the two directions of sho
wave propagation. The measured increase in electron de
is 150% for the cathode to anode direction. Note that
actual ionization rise time will be similar to the excitatio
rise time, shown in Fig. 3, which is much faster than t
temporal response shown in Fig. 5.

FIG. 4. Difference of floating probe signals from a 60 mA d
charge in N2 at 5 Torr for the two directions of shock propagatio
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The optical, microwave, and electrical measurements g
a self-consistent picture of the plasma–shock-wave inte
tions and the measurements reported provide evidence
the presence of strong excitation~and ionization! enhance-
ment in a very narrow region propagating with the sho
wave for initially weakly ionized plasmas. These measu
ments provide direct evidence of the formation of stro
double layers in collisional shock wave propagation in no
equilibrium plasmas. The double layer formed under o
measurement conditions is a transient moving double la
traveling faster than the ion sound speed and, theref
theory indicates@5–7# that it can support a strong spac
charge layer with a potential jump>10kTe .

The discharge current continuity requirement across
shock front imposes additional constraints on the elect
and ion flux continuity conditions. The local transient ele
tric field is additive to the steady state plasma electric field
the cathode to anode shock propagation direction and
subtractive in the opposite direction, leading to a polar
dependence of the double-layer voltage jump@18,19#.

In conclusion, we have provided direct evidence for t
large jump in plasma potential, the fast increase of elect
excitation temperature as indicated by the sudden increas
the emission rate, and the increase inne caused by the for-
mation of strong double layers, at the shock front, in no
equilibrium plasmas. One of the important implications
the strong-double-layer-induced local electron heating is
a very localized energy deposition and gas heating at
shock front is possible so that shock wave dispersions
modifications of shock jump conditions cannot always
determined from the steady state or spatially averaged
properties@9–11#.

FIG. 5. Microwave interferometer signals for a 3 Torr, 60 m
N2 discharge and a M 1.6 shock wave for the two directions o
propagation. The steady state interferometer signal is about 24
1-3
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