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Understanding the interaction between a weakly ionized gas and a shock wave is important for 
detailed knowledge of the conditions of planetary atmospheric entry.  This interaction can 
manifest itself in the form of a localized increase of electron temperature, plasma induced shock 
dispersion and acceleration, optical emission enhancement, or double electric layers.  In our 
work, a microwave discharge was combined with the flow tube to sustain a supersonic flow of 
ionized gas.  Stationary shocks formed in front of a spherical model.  Argon and Ar/H2 (95/5%) 
mixture were used as test gases.  Excited state populations of the argon (4p-4s) spectral lines 
were measured across the stationary shock by employing absolute emission spectroscopy.  We 
compared measured intensity in the subsonic and the supersonic regions of the flow and 
observed dispersion effects in the form of a double-peak distribution.  Kinetic modeling of the 
discharge was performed and the associated transport parameters and rate coefficients were 
calculated. 
 

 
It is known that shock waves in a weakly 
ionized gas generate double electric layers due 
to the separation and redistribution of space 
charge across the shock layer. Additionally, 
plasma induced shock dispersion and optical 
emission enhancement can also be produced 
by the interaction of an acoustic shock wave 
and a weakly ionized gas.  These effects could 
be present at any planetary atmospheric entry.  
So far the double electric layer has not been 
studied in detail in the context of planetary 
entry plasma 

 
Many experiments have been performed with 
the aim to understand the interaction of a 
shock wave and a weakly ionized gas, in view 
of the possible applications to high speed 
aerodynamics.  A number of these 
experiments have noted the effects of 
temperature on the shock wave as well as 

localized increase of electron temperature at 
the shock fronts.1-3  Our experiments with 
supersonic flowing afterglow,4-7 and the 
experiments by Bletzinger et al.8, 9 indicate an 
excessive increase of radiation from the 
electronically excited states across the shock 
layer. This increase could not be explained by 
the linear approximation, where the height of 
potential barrier in the double layer was of the 
order of the electron temperature in the 
unperturbed plasma. Siefert et al.10 proposed a 
hypothesis of a strong double electric layer, 
based on the interactions between heavy 
particles in the plasma-shock region.  

 
The primary objective of our investigation is 
to validate the hypothesis of the strong double 
electric layer.  We are investigating a 
stationary shock wave formed by a blunt 
model in a supersonic flow, as opposed to the 
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traveling shock wave arrangement described 
in Ref. [11].  Our aim is to determine the 
location of the shock front in the plasma in 
relation to the model.  We expect that we will 
observe the dispersion of the stationary shock 
wave in front of the model.  Additionally, we 
expect to see an enhancement of optical 
emission at the shock front, which is an 
indicator of a double electric layer. 
 

Kinetic Modeling 
 
In developing the model we start from the 
Boltzmann Transport Equation, 
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Here the distribution of electrons in their 
velocity space v

G
 at the space coordinate r

G
 

and at time t is given by the electron velocity 
distribution function ( ), ,f r v t

G G
.  In the case of 

a weakly ionized gas, the right hand side of 
Eq. (1) will take into account the elastic and 
inelastic collisions between electrons and 
neutral atoms or molecules. 
 
Due to the complexity of Eq. (1), solutions 
can only be determined for selected cases.  
Approximations, such as the homogenous 
approximation, are usually employed.  In our 
case, a steady state approximation is valid 
when the electron collision frequency in the 
discharge is approximately two or three orders 
of magnitude larger than the driving 
frequency.  Additionally, we can make the 
assumption of symmetry about the discharge 
axis.  By applying these approximations, a 
steady state isotropic solution can be obtained 
for a monatomic gas,12
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Here we have expressed, by convention, the 
solution in terms of the electron energy 

2 2mvε =  and have neglected super-elastic 
collisions.  In Eq. (2), Qm is the momentum 
transfer cross section; Qj is the cross section of 
the jth inelastic collision; m, e are the mass and 
charge of the election; M, N, and T are the 
mass, density, and temperature of the neutral 
gas molecules; k is the Boltzmann constant; 
and f is the isotropic electron energy 
distribution function (EEDF). 
 
For a gas mixture, an appropriate modification 
to the cross sections of all gas species in Eq. 
(2) should be made:  in the first 

term and 

n n
m m

n
Q Q=∑ G

n n n
m m

n
Q MQ G M=∑  and 

n n

n
M M G=∑  in the second and third terms.  

Here  is the momentum transfer cross 
section, G

n
mQ

n is the mole fraction, and Mn is the 
mass of the molecule of the nth species.13   
 
We will calculate the EEDF by employing a 
commercial numerical Boltzmann solver, 
Bolsig,i for weakly ionized gases.  Bolsig 
provides numerical solutions for the EEDF at 
different values of the reduced electric field 
(E/N).  From these values we are able to 
estimate the average electron temperature (Te) 
of the distribution and rate constants (kj) for 
certain processes, 
 

                                                 
i http://www.siglo-kinema.com/bolsig.htm 
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To verify the accuracy of the numerical 
results, we present in Fig. 1 a comparison of 
the results from Bolsig with calculated results 
from a Ref. [14]. We found that the Bolsig 
data lined up very well with these calculated 
values. 
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FIG. 1. Comparison of computed and calculated EEDF 

values for argon. 
  
By applying Eq. (3), we calculated the average 
electron temperature (average electron energy) 
at various values of E/N and present these 
results in Fig. 2.  We observe that Te increases 
logarithmically for both pure argon and for the 
Ar/H2 mixture as test gases.   
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FIG. 2. Calculated values for the average electron 

temperature. 

Additionally, the rate constants for transitions 
to the four 4s states of argon were calculated 
from Eq. (4), as shown in Fig. 3.  Rate 
constants for transitions to the 4p and 3d states 
of argon were also calculated. 
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FIG. 3. Calculation of rate coefficients for the four 4s 

states of argon. 
 
The last calculation which must be done to 
complete the kinetic model for our discharge 
is to calculate the value of the reduced electric 
field (E/N).  This will be done by coupling Eq. 
(2) with Poisson’s equation,   
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Then by applying the appropriate boundary 
conditions we will be able to perform the 
calculation. 
 
In addition to the kinetic model, a chemical 
model must be formed for our discharge, in 
which the gas phase kinetics will be 
determined along with the significant reaction 
processes. Currently, the chemical model has 
not been completed. 
 

Experimental Approach 
 
The experimental set-up for this study is a 
combination of supersonic flow tube and a 
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microwave cavity discharge.  We used a 
commercial microwave generator to sustain a 
cylindrical cavity discharge at power density 
between 3.5 and 7 W/cm3, Fig. 4.  The 
discharge extends along the length of the 
cavity as a surface discharge with gas 
temperatures between 900 and 1200 K.  Using 
an evacuated quartz tube as a wave guide, 
supersonic discharge was generated with a 
cylindrical convergent-divergent (de Laval) 
nozzle downstream of the cavity.  We estimate 
that the maximum electron density is about 
1013 cm-3. 
 

 
FIG. 4. Scheme of the supersonic flowing afterglow. 

 
By varying the cross sectional area of the 
throat and exit of the nozzle we are able to 
increase or decrease the velocity of the flow.  
In Ar-H2 (95/5%) gas with less then 0.01% 
N2, without any obstructions in the tube, we 
found experimentally that flow was generated 
up to M = 2.5 (Machii), as calculated by,15  
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ii A Mach number is defined as a number representing 
the ratio of the speed of a body to the speed of sound in 
a surrounding medium. 

Here p1 is the ambient (or inlet) gas pressure, 
p2 is the exit gas pressure, and γ is the specific 
heat ratio.iii

 
Spherical models, made of Teflon, of diameter 
10 mm and 16 mm were placed in the 
discharge and afterglow regions.  For each 
model we are able to approximate the standoff 
distance for the shock wave.   
 
To determine the standoff distance, we must 
assume that the flow directly in front of each 
of the spherical models along the axis of 
symmetry has a constant density, see Fig. 5 in 
which I have symbolized Rshock by a green line 
and Rbody by a red line. 

 

 
FIG. 5. Stagnation-point region for flow past a 

spherical model. 
 

In the stagnation-point region,16 the body to 

shock ratio, body

shock

R
Y
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iii For the Ar/H2 (95/5%) mixture γ = 1.65 and for the 
pure argon = 1.67.  
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such that the relationship between the Mach 
number (M) and the standoff distance δ = 
Rshock - Rbody can be found from 
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Using the fact that Rbody is approximately 5 
mm for the small model, 8 mm for the large 
model, and γ for my mixture is 1.65, we are 
able to calculate the standoff distance for 
different Mach numbers.  By comparing these 
results we see that the standoff distance 
decreases with increasing Mach number, see 
Fig. 6.   
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FIG. 6. Dependence of standoff distance on Mach 

number for argon. 
 

Data Collection and Analysis 
 
From previous work done in our laboratory, it 
has been observed that the electronically 
excited states tend to accumulate at the 
location of a shock inside a supersonic flow.3-7  
By looking at the intensity of the radiation at 
different distances from the model, we are 
able to use the population at these distances as 
an indicator of a shock.  The axial distribution 
of populations of excited states and the 

enhancement of optical emission is observed 
by using a spectrometer in conjunction with a 
CCD camera, see scheme in Fig. 7.   
 

 
 

FIG. 7. Scheme of emission spectroscopy set-up. 
 
Wavelengths were calibrated using a Spectra 
Physics Pen lamp and the intensity was 
calibrated using a Spectra Physics absolute 
blackbody irradiance source.6  Graphs of 
irradiance per count versus wavelength were 
calculated for each grating.  We can determine 
the populations of particular excited state 
transitions by using these irradiance per count 
versus wavelength graphs.  We looked at three 
spectral lines during this part of our research, 
which have been identified in Fig. 8. 
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FIG. 8. Diagram of argon transitions17. 

 
By taking the intensity of these spectral lines 
and multiplying by the irradiance per count for 
that wavelength, we can find the irradiance of 
that particular spectral line in mW/m2(nm).  
Converting to W and cm2 and dividing by the 
length of the plasma region (about 2 cm), we 
find the irradiance (Pλ) in terms of radiometric 
quantities (W/cm3(nm)).  Next, we converted 
from radiometric to photonic quantities by 
using 
 

 15
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Finally, we were able to calculate the 
population (Nu) by using Eq. (11).18 
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We first looked at the populations of excited 
states in a model free afterglow as shown in 
Fig. 9.  By comparing the population values 
with a Boltzmann plot (straight line), we can 
see that as we went to higher energy levels, 

the population decreased.  This effect was 
more pronounced at the higher power density. 
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FIG. 9. Population of argon excited states in a model 

free afterglow. 
 
Next, we looked at the gas kinetic temperature 
along a model free flow.  By inserting a 
thermal couple into the gas, we were able to 
measure the temperature along the flow at 
various power densities.  We can see from 
Fig. 10 that as we move away from the edge 
of the microwave cavity (0 mm position) the 
temperature along the flow decreases by 
approximately 150 K. 
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FIG. 10. Gas kinetic temperature along a model free 

argon afterglow. 
 

Now that we had a rough idea of what the 
plasma is doing without the model, we 
inserted the 16 mm diameter model into the 
flow.  We began by looking at the electron 
excitation temperature both in static and 
dynamic conditions, see Fig. 11 a, b.  
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FIG. 11. Electron excitation temperature of argon 4p 
levels under static (a) and dynamic (b) conditions.iv

 
In Fig. 11a, we observe that in static 
conditions, the temperature remains relatively 
constant at about 2200 K.  On the other hand, 
in Fig. 11b we observe that the temperature 
varies greatly with distance along the axis of 
the flow.  From these diagrams, it is clear that 
the shock waves, which form in front of the 
model, do have an impact on the temperature 
of the flow. 

 
Additionally, we looked at the ratio of 
intensities of 4p transitions, shown in Fig. 12 
a, b.  From these graphs we observe that there 
are distinct peaks at 6 mm and 13 mm in the 
ratios.  This data leads us to conclude that we 
do have a strong shock wave which is being 
dispersed along the axis of flow.  Taking the 
standoff distance to be 6 mm for our 16 mm 
diameter model, we can estimate the Mach 

                                                 
iv Error bars in the y-direction are due to scattering by 
the quartz tube.  Error bars in the x-direction are 
associated with the precision to which we can measure 
the position of the model. 

number, from Fig. 6, of the shock front to be 
1.5. 
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FIG. 12. Ratio of intensities of the highest 4p level to 
the lowest 4p transitions for argon. 

 
Concluding Remarks 

 
The primary objective of our research is to 
understand the double electric layer formed by 
the mutual interaction of an acoustic shock 
wave and a weakly ionized discharge and to 
determine the strength of this double layer.  
We found that there was evidence of optical 
emission enhancement at the shock front, 
which is an indicator of a double electric 
layer.  Additionally, we observed the 
dispersion of the shock wave along the axis of 
flow.  From these dispersion patterns, we 
estimated that the experimental standoff 
distance for the shock wave to be 6 mm for 
the 16 mm diameter model with an associated 
mach number of 1.5. 

 
To validate the hypothesis of a strong double 
electric layer, we will need to determine the 
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mean electron temperature differences 
between the plasmas, since the strength of this 
difference determines the strength of the 
double layer.19  Additionally, we plan to 
upgrade our nozzle to sustain a model free 
flow up to M = 7.   
 
Using the data from experiment and current 
understanding of ionization and excitation 
processes in microwave discharge plasmas, 
we plan to explore the effects of local increase 
of excited and ionized states on excessive 
local heating.  Furthermore, we plan to 
explore the role of radiation trapping on the 
dynamic and structural properties of the shock 
wave modified by the plasma.     
 
We also plan to extend our research to 
Martian atmospheric entry conditions.  We 
will employ a Martian Simulated Gasv, which 
will allow us to simulate the composition of 
the atmosphere.  We will evaluate the EEDF 
for the primary gas molecules during 
discharge: CO2, CO, O2, O, N2, and Ar.  The 
associated transport parameters will be 
calculated.   
 
In addition, we will calculate the jump 
conditions using NASA’s Viking, Pathfinder, 
and MER Opportunity probe data.  From these 
results, the electron density will be determined 
for each probe from Saha’s equation.  This 
will enable us to calculate the species 
concentrations given in the chemical model 
developed in Ref. [20].  Since many of the 
arguments3-10 refer to molecular properties of 
plasma constituents, we will be in a position to 
compare the results in pure monatomic and in 
molecular gases.   
 
Data from this experiment has been presented 
at the 59th Annual Gaseous Electronics 
Conference4 and the 73rd Annual Meeting of 

                                                 
v Martian Simulated Gas (MSG) consists of 95.7% CO2 
with minor concentrations of N2 (2.75%) and Ar 
(1.55%).  

the Southeastern Section of the American 
Physical Society.5 This research was also 
presented at the 2007 Spring Research 
Symposium for the College of Sciences at Old 
Dominion University. 
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