PHYSICAL REVIEW E 67, 047401 (2003
Strong double-layer formation by shock waves in nonequilibrium plasmas
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Strong double-layer formation by acoustic shock wau®1=2) propagation in a low-pressure,[gositive
column plasma has been quantified, near the shock front, by measurements of the voltage jump and the
enhancements of both trﬁee‘Hg—A 331 plasma emission and the electron density. The large polarity depen-
dence(or shock directioh of these effects and potential jumps of more thakOacross the shock-created
interface indicate that the measured shock-induced electron heating €éffeaiized excitation and ionization
rate) are caused by the formation sfrongdouble layers maintained by the traveling shock front.
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Previous studies have shown that gas dynamic shoc#cross the shock front. The probe time response is limited by
propagation through a plasma locally polarizes the plasmédhe response time of the probe sheath and the circuit capaci-
and forms space-charge layers at the shock frba8]. The  tance of the high-impedance circuit. Since the electron tem-
shock wave propagation produces a discontinuous Jump jperatures before and after the shock front are reIativer close
the neutral density. In a weakly ionized dc discharge, thigl and 0.3 eV, the floating potential difference is a good
neutral density jump creates associated discontinuities in th@Pproximation of the plasma potential difference. The evi-
electron temperature and electron density. It has been showignce of local electron heating by the strong double layer is
that a double layer forms at such an interface and that thebtained from measurement of the enhancements of direct
strength of double-layer formation is determined by the€lectron impact excitation and of ionization. The excitation
mean electron temperature differences between the plasmg@ghancement is measured by using a photomultiplier with a
[4—6]. The potential jump across a current-free stationarynarrowband spectral filter to select tBe*I1;—A ®% (0,2)
double layer, separating plasmas with two different meariransition at 775.4 nm. A 100 mm focal length lens wWii30
electron energiep4], is limited to about ®T,, which is in  optics is used to obtain 1.7 mm spatial resolution over the 30
agreement with the previously calculated potential jumpmm radial plasma column. The electron density on both sides
across a gas dynamic shock fr¢@t3]. However, under our of the shock discontinuity is measured using an X-béd
experimental conditions with current flow, we measure veryGHz) microwave interferometer with a pair of 30 cm diam-
large potential jumps across the shock. In this work, weeter focusing mirrors coupled to a pair of standard gain
present the evidence for the formation of a travelatigpng ~ horns. This transmit-receive microwave beam arrangement
double layer near the shock front for shock propagationgrovides 4 cm spatial resolution at the beam waist, which is
through a nonequilibriumT>T,;) glow discharge plasma. adequate for comparison of the electron densities on both
The existence of a strong double layer with a significantsides of the shock discontinuity. The arrival of the shock
potential jump leads to local electron heatifg-8|, excita-  wave in the viewing volume of the plasma emission, floating
tion, ionization, and local gas heating. The last effect conprobes, and microwave beam is measured by a colocated
tributes to shock broadening and velocity change in additiosphotodeflection laser beaf3].
to the effect of overall discharge heatifiy-11]. The detailed
application of plasmas in the aerodynamics of flight is de- High Voltage
scribed in a recent review artic[é2]. gj;ﬁ;

In this paper, we report measurements of the formation of
a moving(faster than ion thermal speestrong double layer
when a weak acoustic shock waveM=2) propagates
through a low-pressurg—5 Torp, low-current-density2—5
mA/cn?), N, positive column plasma. An electric-spark- Seark Gap Ty Y &= )
driven shock tube is used to generate shock waves, and th e
shock-wave-induced modulations of the plasma properties
are measurechia 3 cmdiameter discharge tube with glass
wall conformal electrodes spaced 20 cm apart shown in Fig.
1. The experimental details are described elsewh&s
The shock-induced double-layer strength is determined using
a pair of floating probes, spaced 2 cm apart axially; the float-
ing voltage differential is used to measure the potential jump
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FIG. 1. Schematic of experiment. In an alternative setup, the
*Present address: 1SSI, Dayton, OH 45440. photomultiplier and filter are replaced by the transmit/receive an-
TEmail address: Biswa.ganguly@wpafb.af.mil tennas of a microwave interferometer.
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FIG. 2. (a) Integrated photodeflection signal showing the nor-
malized neutral density jump at the shock front for M 1.76 shock
wave. (b) Discharge voltage and current in a 3 Torr, 20 mA dis-

Estimated Mean Energy (eV)

charge in N for a shock propagating from cathode to andttéck 0.1 +—— i v U
curves and anode to cathodghin curves. The time during which 675 680 685 690
the shock traverses the 20 cm long discharge is indicated by the Hs
ertical dashed lines. The spark discharge generating the shock
Xvavle is at 0 ms I P ! g€ 9 "9 FIG. 3. (a) Spatially and temporally resolved 775.4 nm emission

under the same discharge condition as in Fig. 2 at approximately the

Figure 2a) shows the normalized neutral density jump center of the discharge for the two _directions of sh_o_ck propagation.
(integrated photodeflection sign49,13] for a M 1.76 shock (b) Local mean glectron energy during shock transmon_as_estl_mated
front as it moves through the positive column. The photodefr,om the excitation rate derived from the 775.4 nm emission inten-
flection laser beam is located at the same position in th&'-
positive column as the photomultiplier. The neutral density .
increases by a factor of 2.2 behind the M 1.76 shock front/ 14! Oflthf B state dues to the ree;ctlf)n 20 73)
Figure 2b) shows the shock-induced modulation of dis- T N2(X "2g, v=5)—=Ny(B *IIg) + Na(X "X ). (Both the
charge voltage and current for both cathode to anode anft °%, state and the vibrationally excited ground state have
anode to cathode shock propagation directions. The gas pre@ng lifetimes) The rapid rise in intensities of the 775.4 nm
sure was 3 Torr, the discharge current 20 mA. The shockmission is an indicator of a large increase in electron impact
wave velocity was M 1.76. The time period during which the €xcitation rate connected with the shock-wave-induced very
shock wave traverses the discharge is indicated by the vertiocal increase irE/n value(or electron mean energyDue to
cal dashed lines. As observed previoushB], the global the resolution limits of the optical system, the temporal
effects of the shock were that the discharge voltage decreas#4dth of the rising portion of the measured 775.4 nm radia-
and the current increases by 10% for about 180for cath-  tion pulses, which corresponds to the apparent duration of
ode to anode shock propagation direction; for the oppositéhe shock-wave-generated local transient increade®/m is
propagation direction the voltage increases and the currefuch longer than the actual width of these radiation pulses
decreases immediately. The decay of the discharge curreftd also the duration of the increased electronic excitation.
after the shock exits the plasma region is exponential. Th&or the same reason, the amplitudes of the measured pulses
B-A plasma emission, shown in Fig. 3, indicates that locallyare@ much smaller than the actual radiation amplitudes. For
at the photomultiplier observation point the light intensity this positive column dischargl5,16, which runs atE/n
increases when the shock wave enters the discharge for catt-45 Td (1 Td=1x10"*"Vem?) with mean electron
ode to anode propagation and decreases for the oppositemperature-1eV, the observed 3I1,—A %3 intensity
propagation direction. The electrical and the plasma emissiojumps in 2us by at least 20% compared to the steady state.
effects, before arrival of the shock at the observation pointThis requires a rate of change of the electron impact excita-
are caused by the global electrical circuit response to th&on by a factor of 18 (20% change from the steady state
propagating shock wad 3]. A sharp and pronounced peak emission intensity in 2us). For an equivalent steady state
of 775.4 nm emission is observed when the shock wavghis result would require that tHeé/n increase$15,16| from
passes through the observation region for both propagatiof5 to more than 240 Td. In fact, the rapid field change trans-
directions. The emission peaks have a rise time ps2and lates the electron energy distribution instantaneously to
a decay time of about 4fs. The long decay time is probably higher energy. We estimate that a change of 10 eV is suffi-
caused by the heavy-particle-collision-induced excitationcient to produce the observed excitatidhig. 3b)]. The de-
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FIG',4' Difference of fioating prlobe.signals from a 60 mA Qis- FIG. 5. Microwave interferometer signals for a 3 Torr, 60 mA
charge in N at 5 Torr for the two directions of shock propagation. N, discharge ath a M 1.6 shock wave for the two directions of

propagation. The steady state interferometer signal is about 24 mV.

cay of the 775.4 nm radiation is strictly due to the population

transfer from long-lived states after the short period of direct ) ) ) )
electron impact excitation enhancement; no such long decay 1he optical, microwave, and electrical measurements give
was observed with the 337.1 nm radiatifi8] since theC & self-consistent picture of the plasma—shock-wave interac-
state is populated primarily by direct electron impact. Figuretions and the measurements reported provide evidence for
4 shows shock-wave-induced floating probe differential volt-the presence of strong excitati¢and ionization enhance-
age changes for a 5 Torr, 60 mA discharge. Similar to thenent in a very narrow region propagating with the shock
discharge voltage and 775.4 nm emission behavior, the elegvave for initially weakly ionized plasmas. These measure-
tric field at the probe location rises for the cathode to anodénents provide direct evidence of the formation of strong
propagation direction and decreases for the opposite diredouble layers in collisional shock wave propagation in non-
tion before shock arrival. However, when the shock waveequilibrium plasmas. The double layer formed under our
passes through the probe location, in both directions a largmeasurement conditions is a transient moving double layer
voltage drop is observed. The sudden drop in the voltageaveling faster than the ion sound speed and, therefore,
amounts to 25 V in cathode to anode directed shock propaheory indicate§5-7] that it can support a strong space-
gation and 9.5 V in the opposite propagation direction. Thecharge layer with a potential jursplokT,.

absolute accuracy of these voltage chanige§ is =30%. The discharge current continuity requirement across the
Considering the measured voltage drops and the spatial dinock front imposes additional constraints on the electron

mension over which they occur, these voltage jumps acrosgnq jon flux continuity conditions. The local transient elec-
the shock front are more than R0, (wherekT, is the mean e fie|q is additive to the steady state plasma electric field in

elec,tron energy of t_he unperturbe_d plagmahich by Pois- the cathode to anode shock propagation direction and it is
son’s equation requires the formation of strong double Iayergubtractive in the opposite direction, leading to a polarity
at the shock front. The high electric fields in this very local'dependence of the double-layer volta{ge LB, 19

ized space-charge regigdimension determined by the elec- | lusi h ided direct evid for th
tron Debye length ahead of the shock front, then lead to theI n conc U_S'OT’ we avte F;_rolwthe f |rte_c evl encfe Ior i N
enhancement of local excitation and ionization; the latter cre'r9€ JUMP In piasma potential, the fast increase or electron

ates a much higher electron density behind the shock than I~?]xcitati.on .temperature as inldicated by the sudden increase in
the unperturbed plasma. The optical measurements indicalB® €mission rate, and the increasenincaused by the for-
the enhanced electron impact excitation at the shock front. Ifnation of strong double layers, at the shock front, in non-
order to quantify the enhanced ionization, the electron denequilibrium plasmas. One of the important implications of
sity was measured with the microwave interferometer. Rethe strong-double-layer-induced local electron heating is that
sults are shown in Fig. 5 for the two directions of shocka very localized energy deposition and gas heating at the
wave propagation. The measured increase in electron densigpock front is possible so that shock wave dispersions and
is 150% for the cathode to anode direction. Note that themodifications of shock jump conditions cannot always be
actual ionization rise time will be similar to the excitation determined from the steady state or spatially averaged gas
rise time, shown in Fig. 3, which is much faster than thepropertied 9-11].

temporal response shown in Fig. 5.
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