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One of the most challenging issues facing NASA’s Mars exploration probes is the interaction
between the acoustic shock waves formed during entry and the plasma created due to the friction
between the probe and the atmosphere. 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. We are performing experimental
modeling on simulated Martian atmospheric entry plasma along with an Ar/H,/Air discharge as
an example. Characterization of the supersonic flowing discharges is carried out to understand
the effects of gas heating in the discharge and the associated effects due to drift of the excited
species. Special emphasis is given to the effects of adding H; to an Ar discharge and adding air
to an Ar/H, discharge. In addition, a comparison is made between the two types of discharges.

Introduction

NASA’s Mars exploration missions seek to
understand Mars as a dynamic system,
including understanding of the potential
habitability of the planet and the structure of
the atmosphere. To explore the planet, NASA
has sent various Martian landers to observe
the climate changes in the atmosphere,
measure temperature changes at different
altitudes above the surface, and look for water
below the planet’s surface.

One of the most challenging phases the
landers face is the atmospheric entry phase.
During this phase the friction between the
atmosphere and the landers will cause thermal
ionization of the surrounding gas. In addition,
a shock wave will form just in front of the
probe due to the high velocity at which these
landers enter. The interaction between this
shock wave and the plasma formed around the
probe can manifest itself in the form of a
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localized increase of electron temperature,
plasma induced shock dispersion and
acceleration, optical emission enhancement, or
a double electric layer.'! Many experiments
have been performed in recent years to study
these effects more indepthly.

A number of these experimentsz’3 have
observed the effects of temperature on the
shock wave in a weakly ionized gas. In
addition, these experiments observed a
localized increase of the electron temperature
at the shock fronts and the dispersion of these
shocks along the axis of symmetry of the
discharge.* Additional experiments™® have
shown the enhancement of the optical
emission of excited states at the shock fronts
with an excessive increase of radiation from
the electronically excited states across the
shock layer.

It has been well documented that double
electric layers form at shock fronts due to the



separation and redistribution of space charge
across the shock layer.”* So far the formation
and structure of the double electric layer has
not been studied in the context of planetary
entry plasma.

Our primary objective is to study the double
electric layer formed by the interaction of
Martian atmospheric entry plasma with a
shock wave. In order to accomplish this
objective, we must first perform detailed
measurements of the gas and electron
temperatures and the electron density to allow
for characterization of the free flowing
discharges. Once the discharge has been
characterized completely, a blunt body can be
added to the discharge to create a shock wave.
The interaction should produce the previously
described effects stated in Ref [1].

This paper is thus set up as follows: In the
following section we discuss the supersonic
flowing microwave cavity discharge in a
Martian simulated gas and in Ar/Hy/Air,'
which was primarily used for comparison. In
the next section, we  discuss the
characterization of an Ar/Hy/Air discharge
with emphasis on the effects of adding H, to
an Ar discharge and adding air to an Ar/H;
discharge. In the last section, we describe the
current results for the characterization of a
Martian simulated gas.

Experimental Approach

The experimental set-up shown in Fig. 1 is a
combination of supersonic flow tube and a
microwave cavity discharge. Using an
evacuated quartz tube as a wave guide,
supersonic flow was generated with a
cylindrical convergent-divergent (de Laval)
nozzle upstream of the cavity. We used a
commercial microwave generator operating in

" In the Ar/Hy/Air mixtures, | am referring to terrestrial
air.
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TE; 11 mode to sustain a cylindrical cavity
discharge at power density between 0.5 and 4
W/em®’. We used a gas mixture of 95.71%
COy,, 2.75% N,, and 1.54% Ar for simulations
of the Martian atmosphere. In addition, we
used Ar with varying amounts of H; and air in
order to compare results with the Martian
atmosphere gas. Teflon spheres of half inch
diameter will be placed in the path of the
flowing discharge to produce a stationary
shock wave.

Inlet Pressure

) Exit Pressure
Orifice
Quartz Tube
| Model

- O: Roots Pump
Magnetron O O
® De Laval Nozzle Qutput

Gas l

FIG. 1. Scheme of the supersonic flowing experiment.

Microwave Cavity

Through careful measurement of the inlet
pressure (p;) and exit pressure (p;) in a
supersonic Ar flow, we determined the Mach
number (M) for our de Laval nozzle from’
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Using the specific heat ratio (y) for the
Martian atmosphere of 1.29, we found that M
= 2. After comparison with the velocity
measurements from the Pathfinder, Viking L1
& L2, and MER Opportunity landers, we
determined that this was equivalent to an
altitude of 10-13 km above the Martian
surface. This will assist in the comparison
between our experimental simulations and the
measurements from the Martian landers.
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It has been observed'® that electronically
excited states tend to accumulate at the
location of a shock inside a supersonic
flowing discharge. As such, we used optical
emission spectroscopy as our primary
diagnostic tool to observe the spectra of the
excited states. In Fig. 2, we show that a CCD
camera was used in conjunction with a
spectrometer for measurement of the gas and
electron temperature. The observed spectral
frames were calibrated using a Spectra
Physics Pen lamp and the intensity was
calibrated using a Newport/Oriel absolute
blackbody irradiance source.

Afterglow/Plasma

~ F

CCD Camera

Spectrometer

FIG. 2. Optical emission spectroscopy set-up.

We show in Fig. 3 the populations of the
observed Ar I states in a free flowing
discharge of Ar with 5% H, at different
applied voltages on the magnetron. We
noticed that the populations although higher
for the higher voltage, seemed to decrease
more rapidly as we go to higher energy levels.
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FIG. 3. Population of Arl states as a function of the
energy level.

Experimental Results and Analysis of an
Ar/H,/Air Discharge

In a supersonic flowing discharge the heavy
particles have a velocity comparable in
magnitude to the thermal velocity. This leads
to substantial drift of excited particles
downstream of the cavity. In order to account
for possible effects caused by drift, we had to
determine the rotational, vibrational, and
electron temperatures as well as the electron
density in the discharge.

Rotational Temperature

We have chosen to use the N, C3Hu - B3Hg
second positive system since it can be
identified in an emission spectra and it has a
large oscillator strength.'"  The rotational
spectrum of the Nj C3Hu - B3Hg system
consists of three branches: P, Q, and R.
Further, the P and R branches are split into
three sub-branches, and Q branch is split into
two.

To determine the rotational temperature, a
Boltzmann distribution for the J’ values of the
R2 sub-branch was utilized. By measuring the
spectral line intensity, /(J”), and employing'
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we calculated the rotational temperature. Here
Q is a fitted constant, 4 is Plank’s constant, ¢
is the speed of light, B, is 198.98 m'l, and kp 1s
the Boltzmann constant.

We observed the changes in the rotational
temperature for a given amount of H, in the
discharge as function of the amount of air in
the discharge. Results are presented in Fig. 4.
We found that the rotational temperature
decreases by increasing both H, and air. The
data converges to a value of about 900 K
which is the average rotational temperature in
pure air under the same conditions.
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FIG. 4. Rotational temperature as a function of the
percentage of air in the discharge.

In order to obtain information about the
overall power balance in the discharge, we
took measurements of the rotational
temperature in the Ar/H, discharge as a
function of the applied voltage on the
magnetron and present these results in Fig. 5.
We found that the rotational temperature
decreased with the higher applied voltages.
At around 90 V the rotational temperature
reaches a minimum.
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FIG. 5. Rotational temperature as a function of the
applied voltage on the magnetron.

Vibrational Temperature

As in the case of the rotational temperature, to
determine the vibrational temperature, 7,, we
assumed a Boltzmann distribution of the
spectral line intensity (/) for the Ny A = 2
vibrational system,

GO he
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where C, is a fitted constant, 4 is the Frank-
Condon factor, v(v’) is defined as

v(v')=—— 4)
and G(v’) is defined as
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We observed the changes in the vibrational
temperature as air and H, were added to the
discharge, see Fig. 6. As in the case of the
rotational  temperature, the  vibrational
temperature  decreased with  increasing
amounts of air in the discharge. However, the



amount of the H, had an interesting effect.
When 1% H, was added to the discharge the
vibrational temperature greatly decreased.
When 5% H; was added, we observed only a
slight decrease in the temperature. But when
10% H, was added, we saw a large increase in
the vibrational temperature.
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FIG. 6. Vibrational temperature as a function of the
percentage of air in the discharge.

Next, we determined the changes in the
vibrational temperature as function of the
applied voltage on the magnetron and present
these results in Fig. 7. We found that, like the
rotational  temperature, the  vibrational
temperature  decreased with  increasing
voltage. Then at about 90 V the vibrational
temperature became constant with a value of
6000 K.
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FIG. 7. Vibrational temperature as a function of the
applied voltage on the magnetron.

It is evident from Figs. 4 and 6 that the
amount of air in the discharge will have a
significant effect on the calculated rotational
and vibrational temperatures. This change
could be due to the fact that as you increase
the amount of nitrogen in the system, the
number of nitrogen excited species decreases
while the number of nitrogen ions increase.
To check this assumption we measured the
intensity of the N," (B’ X,") first negative
system. Results in Fig. 8 show an increase in
N," line intensity which indicates an increase
in the number of the ions in the discharge.
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FIG. 8. Intensity of the N," spectral line as function of
the percentage of air in the discharge.



Electron Temperature

By assuming a Boltzmann distribution for the
intensities (/) of different excited state
spectral lines having the same lower level
energy and different threshold excitation
energies (Ep)," the electron temperature (7)
can be estimated from

A,
g, =8 (6)
Ay
where g; is the statistical weight of the upper
level k, Ay; is the transition probability, and Ay
is the wavelength.

Results in Fig. 9 show the electron
temperature as a function of the applied
voltage for a given amount of H,. The overall
effect is that increasing the voltage decreases
the electron temperature.  This effect is
consistent with the results in Fig. 3 which
indicated that the electron temperature would
be decreasing since the populations of Ar I
decreased more rapidly at the higher voltage.
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Fig. 9. Electron temperature as a function of the applied
voltage on the magnetron.
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Electron Density

The electron density was determined from the
Stark broadening of H;s line (410.21nm). The
broadening is caused by the interaction of the
hydrogen atoms with free electrons in the
discharge. A higher electron density will
cause a larger line broadening. We evaluated
the electron density, N,, from the empirical
formula'*

3
N, =8.0x10"% 245 | 7
Q)

where ay, 1s 0.150 for Hs and Alg is the Stark
half-width defined by

i
Adg = (A4 = Adp ) . (8)

Here A4, is the measured half-width and

Ady, = JALE +AA )

where Alp is the Doppler half-width defined
by

T
A, =(3.58x107)1\/%

where 4 is the observed wavelength, 7, is the
gas temperature, and M is the atomic weight
of hydrogen. This procedure includes
correction for the instrumental profile through
the corresponding half-width AA;.

(10)

We observed the changes in the electron
density with the applied voltage on the
magnetron. Results in Fig. 10 show that the
electron density does not vary greatly within
the statistical error.
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FIG. 10. Electron density as a function of the applied
voltage on the magnetron.

Experimental Results and Analysis of a
Martian Simulated Discharge

The Martian atmosphere is primarily
composed of CO, with minor concentrations
of N, and Ar." Thus we have made a Martian
simulated gas consisting of 95.71% CO,,
2.75% N», and 1.54% Ar. As in the case of
the Ar/H,/Air discharge, we must characterize
the discharge completely in order to
understand the effects that the drift will have
on it. We will characterize the discharge by
measuring the rotational and electron
temperatures and the electron density. Thus
far, we have measured only the rotational
temperature for the discharge.

Unlike with the Ar/Hy/Air discharge, the
concentration of N, in the system was very
small, which makes observation of the N,
C’I, - B, rotational bands difficult. We
have chosen instead to measure the rotational
spectra of the CO Angstrom system B'S" -
A'TI which is formed in the discharge from
the dissociation of CO,.
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By assuming a Boltzmann distribution for the
J’ values and the intensity /(J’) we calculated
the rotational temperature by employing'®

_BU(J'+D)he

4
Cv T
#S‘]'e BTR 5

1(J)="2 (11)

r

where Cy is a fitted constant, v = 19240 cm™,
O, 1s the partition function for all the
rotational levels, S, is the line strength, and B’
=1.9475 cm’.

The rotational spectra for CO has three
branches: P, Q, and R. The line strength (S,
for each branch can be determined by using
the Honl and London formula.'” Then by
choosing a temperature of 500 K, Eq. (11) can
be used to determine how the intensity of each
branch will vary with J°. From the calculation
presented in Fig. 11, we see that the Q branch
has a peak intensity twice as large as the P and
R branches.
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FIG. 11. Intensity of the rotational branches of the CO
Angstrom system at Ty = 500 K.

Using the line strength of the Q branch, we
determined the rotational temperature as
function of the applied voltage on the
magnetron and presented in Fig. 12. We
observed that the rotational temperature
reached a maximum at 105 V. In addition, we



see that the rotational temperature is much
smaller then that of the Ar/H,/Air discharge
shown in Fig. 4. This is interesting since both
discharges contain Ar, N,, and O, but the first
discharge contains H, while the second has
CO.. The difference in the rotational
temperature is therefore attributed to the
presence of H; in the first discharge and CO,
in the second discharge.
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FIG. 12. Rotational temperature as a function of the
applied voltage on the magnetron.

Conclusion

In this paper I have discussed the current work
we are performing for the characterization of
an Ar/Hp/Air discharge and the Martian
simulated discharge. =~ We determined the
rotational, vibrational, and electron
temperature and electron density for an
Ar/H,/Air discharge with varying amounts of
H; and air. We found through careful analysis
of the N, and Ar spectra that the rotational
temperature and vibrational temperature
decrease with increasing amounts of air in the
discharge. In addition, we found that the
electron temperature decreases slightly with
the applied voltage while the electron density
appears to be constant.
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For the Martian simulated discharge we have
determined an appropriate composition for
simulations of Martian atmospheric entry
plasma. We have also determined the change
in the rotational temperature as a function of
the applied voltage. We found that the
rotational temperature reaches a maximum
value when 105 V is applied to the magnetron.
We also observed that the rotational
temperature in this discharge was much
smaller then that of the Ar/H,/Air discharge.

Now, we will insert the spherical models into
the Ar/H,/Air discharge to observe how each
of the previously measured quantities vary
across the shock front. According to Ref. [1],
we should see an increase in the electron
temperature across the shock front. In
previous experiments performed in Ar/H;
discharges'® we observed an enhancement of
the optical emission across the shock front and
dispersion of the shock wave. These are all
indicators of the double electric layer. By
determining the difference in the mean
electron temperature across the shock front we
will be able to determine the strength of the
double layer, since the magnitude of this
difference determines the strength of the
double electric layer.’

For the Martian simulated discharge we will
need to determine the electron density and
electron temperature along with the physics
behind the measured peak in the rotational
temperature at 105 V. Then we will have to
add the models and observe how these
parameters and the rotational temperature
change across the shock fronts. We have
calculated" the electron density and gas
temperature across the shock front for the
Martian Landers based on the entry data.?®?'
This will allow for comparison of the electron
density in both actual conditions and in our
experimental simulations. In addition, we will
be able to calculate the concentrations of the
species given in the chemical model



developed in Ref. [22]. Since many of the
arguments™'° refer to molecular properties of
plasma constituents, we will be in a position to
compare the results in pure monatomic and in
molecular gases.
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