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Mass Spectrometry and Optical Spectroscopy
in N2-CO2 and N2-CH4 Plasma Jets

A. T. Schonemann,* V. Lago,f and M. Dudeckt
Centre National de la Recherche Scientifique, 92190 Meudon, France

A stationary arcjet at low pressure (0.13 mbar) is used to simulate the properties of the gas flow around
a vehicle during entry into the atmosphere of Titan and Mars. For simulation of the Titan atmosphere,
a gas mixture of 99% N2 and 1% CH4 was used, and for the Martian atmosphere, a gas mixture of 97%
CO2 and 3% N2 was used. Two different measurement techniques are applied to characterize the plasma:
1) optical emission spectroscopy and 2) mass spectrometry. The composition of the different plasmas, the
axial and radial particle distributions of ionized and neutral components, and the vibrational and rota-
tional temperatures were obtained. For the determination of the temperatures a numerical simulation of
the molecular band structures of CN was carried out.

Introduction

A T the Laboratoire d'A6rothermique, ground test facilities
are available for the simulation of the properties of the

space environment around a vehicle entering an atmosphere.
By means of arcjet generators and a microwave source,1 rar-
efied plasma jet flows are obtained. The present investigation
was carried out in the plasma wind tunnel SRI (length 3.4 m,
diameter 1 m), where a dc arcjet generator is installed to pro-
duce the plasma flows. The arc is obtained between a cathode
made of copper with a small zirconium insert at the tip (insert
diameter 1.6 mm) and the nozzle throat of a water-cooled cop-
per anode (exit diameter 48 mm). With a vortex-stabilized arc
at low currents (50-200 A) and low mass flow rates (0.1-0.3
g/s), stable plasma jets (up to 8 h with air) are obtained. The
average specific enthalpy at the end of the arcjet nozzle ranges
between 5-22 MJ/kg. Measurements were carried out at 0.13-
mbar ambient pressure in the vacuum chamber.

For simulation of entry into the Titan atmosphere a gas mix-
ture of 99% N2 and 1% CH4 with a mass flow rate of 0.258-
0.005 g/s was chosen. Thus, the amount of CH4 corresponds
to the smallest value expected for the Titan atmo-
sphere.2 With entry into the Martian atmosphere a mixture of
97% CO2 and 3% N2 with a mass flow rate of 0.249-0.0014
g/s was investigated.3 For all plasmas the arc current was set
to 100 A. Thus, an average specific enthalpy at the end of the
nozzle exit of 10.9 MJ/kg for the CO2-plasma and 8.2 MJ/kg
for the methane-plasma was reached.

Adding 1% methane to a nitrogen plasma enhances drasti-
cally the luminosity of the plasma jet. Unfortunately, within
minutes, all water-cooled surfaces inside the vacuum chamber
are polluted with a black layer of carbon or carbonic com-
pounds. Since the pollution of the anode leads to an unstable
behavior of the arc, the testing time is limited to about 1 h.
The quartz window for the optical emission spectroscopy is
not water cooled, and there was no significant carbon depo-
sition on it. With a carbon monoxide plasma the testing time
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is limited by the cathode's lifetime because of relatively fast
erosion of the zirconium insert by the hot oxygen and carbon
passing along the cathode tip. The cathode has been weighed
before and after plasma operation. After 1 h about one-third
of the zirconium insert of 0.045 g was lost. The contamination
of the plasma jet because of this erosion is estimated to be
around 1 ppm. This seems too low to have any influence on
the chemical behavior of the plasma. The determination of
axial and radial plasma parameters can be obtained by moving
the plasma generator along a horizontal and a vertical axis.
The system of displacement has a range of 65 cm along the
plasma jet axis and a range of 40 cm perpendicular to it. Since
the horizontal axis can be displaced itself, distances to the
anode of up to 1 m can be reached.

Two different measurement techniques are used: 1) optical
emission spectroscopy and 2) mass spectrometry. Both tech-
niques have already been applied to pure nitrogen and air plas-
mas.4'5 The experimental setup of the plasma wind tunnel SRI
with both measurement techniques is shown in Fig. 1. The
mass spectrometer is fixed to one end of the vacuum chamber
opposite the plasma generator while optical emission spectros-
copy can be carried out through a small quartz window at one
side of the vacuum chamber.

Mass Spectrometer
The mass spectrometer is a Balzers QMG 420 and consists

of an electron impact ion source, a quadrupole mass filter, and
an electron multiplier. In front of these components an elec-
trostatic lens is installed to guide external ions6 into the quad-
rupole for detection. The spectrometer is fixed to one end of
the plasma wind tunnel opposite the plasma source. It is op-
erated at a resolution of w/Aw = 1 at 5% peak height.

The orifice, through which the plasma is sampled, is a 100-
jLtm-diam hole in a 100-/xm-thick tungsten foil, that has been
fixed on a water-cooled copper plate by a high-temperature
soldering technique. This orifice has a small length-to-diameter
ratio Lid = 1, which is essential for a sampling process of ions
and neutrals without any significant disturbance inside the ori-
fice channel. Moreover, the entrance lens of the ion optics is
situated just about 4 mm behind the tungsten foil, while the
ion source is about 30 mm farther downstream. Thus, short
ways and a pressure of 10~6 mbar inside the spectrometer as-
sure the unperturbed measurement of both neutrals and ions
of the plasma sample. The flat orifice inlet system has proved
to give a reliable measurement of the plasma composition in
the investigated pressure regime.7'9 The orifice cooling system
limits the closest approach of the plasma generator to 16 cm.

To assure constant conditions of the spectrometer during a
measurement inside the plasma jet, a leak dosage system was
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Fig. 1 Scheme of the experimental setup of plasma wind tunnel SRI.

installed. A small amount of a reference gas could be inserted
into the ion source, e.g., a reference gas like He at mass num-
ber 4 that does not occur into the investigated plasma. This
reference signal was observed simultaneously within a mea-
surement of neutral plasma components, a variation of it in-
dicating a significant change of the spectrometer conditions.

The central theme of the plasma beam research at Labora-
toire d'Ae*rothermique is the study of phenomena of space ve-
hicles traversing planetary atmospheres, and we are interested
in the plasma around a space vehicle. With the extraction con-
figuration, an orifice in a flat plate perpendicular to the plasma
flow, we do not measure the free expanding plasma jet, but
the plasma near a wall.

Detection of Neutrals
The detection of neutral plasma components is inevitably

disturbed by the residual gas inside the vacuum chamber of
SRI (p = 0.1 mbar) and the mass spectrometer housing (p ^
10~6 mbar). Considering this, before each test in SRI a resid-
ual gas spectrum was carried out as a reference that could be
subtracted from the data gained inside the plasma to yield the
real plasma composition. Moreover, the detection of neutral
species is influenced by the ion source itself, which produces
certain neutrals and ionic fractions of molecules during the
ionization process. Therefore, the specific cracking pattern of
the plasma molecules has to be a known dependent on the
electron energy of the ion source. A calibration was carried
out with the neutral gases N2, O2, CH4, CO2, and H2O (residual
gas), which were fed through the generator without ignition to
determine the percentage of the produced fractions N, O, C,
CH, OH, CO, CH2, and CH3. Molecules as NO and CO could
not be calibrated and their cracking patterns were estimated
corresponding to the theoretical values (given by Balzers spec-
ifications) and to the calibrated data. The measured neutral
plasma composition now can be corrected for the known
cracking patterns of the main plasma molecules inside the ion
source.

Obviously, there is a stagnation point in front of a flat orifice
inside a plasma flow. It was shown that the most sensitive
parameters to this stagnation point are 1) the detection of ions
and 2) the detection of neutral atoms.9 A small increase of
pressure leads to a drastic decrease of the ionic count rates,
and a change in the detected ion composition is observed.
Thus, high ionic count rates (100,000 counts/s) indicate a
small, negligible disturbance of the measured sample by col-
lision processes inside the stagnation point. In fact, while ap-
proaching the generator and, to such a degree increasing the
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Fig. 3 Axial neutral particle distribution (<10%) of N2, NO, NO2,
CN, and C2 in a CO2-N2 plasma.

stagnation pressure, the measured total count rate of ions was
drastically increasing during the test.

The measurement error, i.e., standard derivation of data after
several tests in the plasma wind tunnel SRI, was found to be
about 10% for species that need no ion source correction, and
15% for all others. Since it did not account for any mass dis-
crimination of the quadrupole or the electron multiplier, the
total error for all of the following results adds up to about
20-25%.

The neutral mole fractions were found by summing up the
intensity of all neutrals of a plasma after correcting for each
distribution and calculating each particle mole fraction relative
to this total intensity. Figures 2 and 3 show the axial distri-
bution of neutral particles in a CO2-N2 plasma. The main
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component is about 50% CO2, but it decreases close to the
generator. A comparison of the data with that of a pure CO2
plasma showed that the amount of particles at mass number
14 (atomic nitrogen) corresponds directly to the increase at
mass number 28 (molecules CO and N2) when adding N2 to
the plasma. The amount of N2 within the gas mixture could
be recalculated because of the cracking pattern of N2 in the
ion source. The distribution of neutrals is continued by CO,
O2, N2, NO, NO2, CN, and a small amount of C2 (<0.1%). Like
CO2, the species C2, CN, and NO2 show a decrease when ap-
proaching the generator, while N2, CO, NO, and O2 are in-
creasing. Radial distributions show no significant changes in
composition within a jet diameter of 20 cm, except for N2,
which is found mainly in the center of the jet.

Obviously, the CO2 is dissociated by the arc forming the
molecules CO and O2. Close to the anode where the temper-
atures are higher these reactions are preferred. No atomic spe-
cies could be found up to a distance of 16 cm. The main
reaction inside the plasma jet is the dissociation of CO2 to CO
and O, and the following associative dissociation reaction of
CO2 with O to CO and O2. There is only a small amount of
C2 and CN formed, whereas no neutral atomic particles could
be found up to a distance of 16 cm. The main reaction inside
the plasma jet is the dissociation reaction of CO2 to CO and
O, and the following associative dissociation reaction of CO2
with O to CO and O2. These reactions were proposed also as
main reactions by the reaction scheme of Park.3 There is only
a small amount of C2 and CN formed in the jet.

Figures 4 and 5 depict the axial distribution of neutrals in
the N2-CH4 plasma. Since a lot of molecular combinations of
C, H, and N exist, nearly all possible masses up to mass num-
ber 52 have been observed in the plasma jet. Unfortunately, a
lot of these molecules occur at the same mass number and
cannot be separated with the mass spectrometer. Therefore, the
species are not named in the figures, but the mass numbers
(atomic mass unit) are mentioned. The mass numbers are re-
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lated to the most probable compounds in the following para-
graph.

The main component in the methane plasma is N2 (28 amu)
with about 80-90%, followed by atomic nitrogen (14 amu)
with about 10% (Fig. 4). A small amount of CH2 has to be
assumed within the percentage of N. Other neutrals that were
found in the plasma jet all show a mole fraction of <1%.
Those are (mass numbers in parentheses): H3 (3), C (12), CH
(13), NH (15), CH3 (15), CH4 (16), C2 (24), C2H (25), CN/
C2H2 (26), HCN/C2H3 (27), N2H/C2H5 (29), C2H6 (30), and a
particle at mass 52 amu, which was assumed to be the mole-
cule cyanogen,2 namely NCCN (Figs. 5 and 6).

The distinction of NH and CH3 was made by a comparison
of the signal at mass number 15 in a nitrogen-methane mix-
ture, and by slowly lowering the percentage of the methane to
zero, a pure nitrogen plasma. The peak intensity at mass num-
ber 15 is directly proportional to the amount of methane in the
gas mixture. The main part of the signal can be considered to
be CH3 (Fig. 5, ~0.4%).

The molecule H2 was also detected during a test, but it is
difficult to give a quantitative analysis of its signal. The mass
spectrometer has a poor resolution for low masses. Also, the
peak intensity of H2 is lower under plasma conditions than
during a residual gas measurement. A mass spectrum corrected
for residual gas would give a negative signal for this molecule.
Finally, the signal decreases when approaching the generator.
This seems to imply that molecular hydrogen, as for light mass
numbers, is measured with a lower resolution in comparison
with the higher mass numbers, and is therefore, not presented
in a figure. The peak intensity of molecular hydrogen is dras-
tically lowered inside the plasma compared with the residual
gas measurement. Thus, a residual gas correction will yield a
highly negative value. Additionally, the amount of H2 de-
creases when approaching the generator. As a result, it can be
said that molecular hydrogen is strongly consumed by the
plasma. There are some possible reactions for the loss of mo-
lecular hydrogen, but the presented data give no explanations.
Because of the complications connected with the interpretation
of this signal, we didn't present it in the figures. Atomic hy-
drogen was not investigated during the test.

Nearly all neutral components show the same behavior as
N2 and N, a nearly constant distribution, except for a small
increase close to the generator. There are four remarkably dif-
ferent slopes: C, CH4, H3, and NCCN. CH4 is steeply decreas-
ing over the whole measurement range and vanishes close to
the generator. The species C and H3 are steeply increasing over
the axial range while NCCN rises steeply like C from a po-
sition of 30 cm to the anode. Thus, methane is nearly totally
dissociated by the arc forming mainly atomic carbon. Again,
as for the CO2 plasma, the production of C2 is low, <0.1%.
The total amount of CN in the methane is higher, but if all
molecules containing CN are summed up (CN, HCN, and
NCCN) it is still less than 1%. There is a great variety of



422 SCH6NEMANN, LAGO, AND DUDECK

species found within our plasma (see the following paragraph
for ions), which are not included in the actual chemistry model
of Nelson2 for Titan. N2, N, and CH4 compare quite well, while
others, e.g., CN, are found only with low percentages or are
not present at all (e.g., H+).

Detection of Ions
For the detection of ions the ion source is switched off and

the voltages of the electrostatic entrance lens are optimized for
maximum transmission of external ions. The sampling of ions
is disturbed mainly by the plasma sheath in front of the flat
orifice and by the collisions with other species because of the
stagnation point. While the plasma sheath influences the ion
energies that are not measured at all, for the given conditions,
low ambient pressure in the vacuum chamber and an orifice
with Lid = 1, the effect of the composition changes in the
stagnation point is negligibly small. Thus, no correction was
applied to the data gained inside the plasma jet. The ion mole
fractions are determined by summing up the intensity of all
plasma ions and calculating the mole fraction of each ion rel-
ative to this total intensity.

Figures 7 and 8 depict the ion distribution in the CO2-N2
plasma. Main ionic species in the plasma jet areOj, CO.?", and
NO+ with a contrary slope. Atomic species are also found, O+

with about 1%, while C* with 0.2% close to the anode. N+

can be observed at a distance of 16 cm with a percentage of
less than 0.1% (not shown in Fig. 8). There are some molecular
ions that occur because of charge transfer and associative
charge transfer reactions of plasma species with residual gas
particles like H2O+, CO2H+, and COH+, the latter are typical
products of plasmas where some hydrogen is present. Some
of the ions that are strongly present in our experiments' most
intense ions are not considered by the Park3 model, as there
are CO^, C£, NO?, and CN+ (<0.05%). This may arise be-
cause of the different pressure range used here.

In Figs. 9 and 10 the ion distribution in the methane plasma
is given. Within these two figures only the main ionic com-
ponents are shown. Other species that occur at higher mass
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numbers (38-45 amu) have been observed, but with percent-
ages smaller than 0.1%, and they are not presented here. Ions
present in the plasma jet are (mass numbers in parentheses):
C+ (12), CH+ (13), N+ (14), CHO+/NH (15), CHjVO (16),
OH+ (17), H2O+ (18), H3O+ (19), CN+/C2H2

+ (26), HCN+/
C2H3

+ (27), N2
+ (28), N2H+/C2H5

+ (29), NO+/C2H? (30), and
C>2 (32). The most probable ion was mentioned first in the
previous list.

The most important ion is N+ that rises up to 80% close to
the anode. All other ions, except for C+, show a descending
slope when approaching the generator. Most ions, especially
those containing oxygen like H2O+ or NO+, are produced by
charge exchange reactions of the main plasma component N+

with residual gas particles reducing the amount of N4" to the
same order as for these secondary ions. Even close to the an-
ode no atomic or molecular hydrogen was detected.

Optical Emission Spectroscopy
Since arcjets are luminous, some of their physical param-

eters can be determined by observing the emitted light with
means of optical emission Spectroscopy (OES), which is a non-
intrusive diagnostic tool. Rotational and vibrational spectra can
be deduced in low-pressure plasma jets from OES in the vis-
ible and the near uv range. Therefore, a high resolution is
needed to resolve the rotational lines.

The experimental setup was also presented in Fig. 1. A fiber
optic system is used to image the plasma light onto the entry
slit of the monochromator. The monochromator has a focal
length of 1500 mm, is fitted with a 1200 lines/mm grating,
and has a spectral range between 227-700 nm.

The dispersed light is detected with a Hamamatsu 928 pho-
tomultiplier while its output is sent to a picoamperemeter. Af-
terwards, the analogous output is recorded with an acquisition
board linked to a computer.
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Vibrational and Rotational Spectra
Different vibrational spectra are recorded for the nitrogen-

methane plasma. The violet system of the CN radical is ob-
served, which is because of the transition

CN(B22, v') -> CN(X2S, v")

Two sequences are clearly visible under our plasma condi-
tions: the Av = 0 (Fig. 11), whose bandheads are (0-0) at
388.34 nm, (1-1) at 387.14 nm, (2-2) at 386.19 nm and the
(3-3) at 385.47 nm, and the Av = -1 (Fig. 12). Here the (0-
1) bandhead at 421.6 nm up to the (5-6) bandhead at 415.24
nm is observable. Two other molecular band structures have
been observed: the transition of NH (Fig. 13),

NH(A3n, v') -> NH(X32, v")

whose bandhead is at 336.0 nm, and the transition of CH with
a bandhead at 431.5 nm.

In the CO2-N2 plasma, which is as luminous as the N2-
CH4 plasma, a lot of emission can be found, but the excitation
levels are too low for most of the molecules to identify the
species exactly. Thus, only the violet system of CN could be
recognized (Fig. 14).
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Fig. 11 Av = 0 band structure of CN measured at the nozzle exit
in an N2-CH4 plasma.
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Fig. 12 Av = -1 band structure of CN measured at the nozzle
exit in an N2-CH4 plasma.
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Fig. 14 Av = 0 band structure of CN measured at the nozzle exit
in a CO2-N2 plasma.

The purpose of the study is to deduce the rotational and the
vibrational temperatures from the experimental spectra at sev-
eral positions in the plasma jet using a comparison with cal-
culated spectra.10 Unfortunately, the Boltzmann plot method
cannot be applied to determine the rotational temperature from
the (0-0) band of CN. As a matter of fact, it is very difficult
to measure the lines intensities because of (Ref. 11) the over-
lapping of the P and R branches for the same band with Np =
Nr + 57 and the overlapping of the P branches arising from
itself with N, = 56 - Np, Np ranging between 1-55.

To overcome this difficulty, for the determination of the ro-
tational and vibrational temperature, a simulation of the Av =
0 and the Av = - 1 band of CN was carried out.

Fig. 13 Av = 0 band structure of NH measured at the nozzle exit
in an N2-CH4 plasma.

Calculated Spectra
Both spectra of CN were calculated using assumptions con-

cerning the two electronic states B22+ and X2S+. Each elec-
tronic state obeys to the case (b) of the Hund's selection rules.
The spectral intensity is proportional to the density of the up-
per level. We consider that the radiating upper level is popu-
lated by electron collisions from the ground state. In our case,
the local thermal equilibrium (LTE) cannot be assumed be-
cause the electron density is too low for that (Ne « 108-1012

cm"3). This assumption can be assisted with the criterium pro-
posed by Mcwhitrter,12 which gives the inequality about the
electron density necessary to satisfy the LTE model plasma:

. N, > 1.6 X lQl2Tl
e'2x(p, qf cnT3

where Te is the electron temperature in Kelvin and x(p, q) is
the excitation potential of level p from level q in electron volts.
For the transition CN(B22, v') -> CN(X2S, v"), the excitation
potential is 18 eV, taking an electron temperature between
1000-10,000 K, the right side of the inequality ranges be-
tween 2.9 X 1017 and 9.3 X 1017 cm"3. This inequality is not
verified, and the LTE model cannot be applied to describe our
plasma jets. The estimation of the population of the upper level
assumes that the shape of the cross section for excitation by
electron collision is the same for the different vibrational lev-
els. This cross section is calculated from the global cross sec-
tion with a weighting factor corresponding to the Frank -Con-
don factor transitions, and the vibrational temperature is the
temperature of the species of the ground state CN(X22) for
the CN spectra. Since the neutral density is low, no quenching
of excited levels has to be considered. The radiate transition
probabilities are given in Ref. 13.

The entry parameters for the calculation of the simulated
spectra are 1) the range of wavelength, 2) the monochroma-
tor's apparatus function, and 3) the rotational and vibrational
temperatures.

Since the rotational terms for J = 60 of the (0-0) transitions
of CN are perturbed by other electronic states, these levels are
not taken into account for the temperature determination. The
rotational -vibrational spectra of CN (Av = 0) and CN (Av =
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— 1) are calculated as a function of varying rotational and vi-
brational temperatures, and for an apparatus function evaluated
to 0.25 A, which was found experimentally.

Results
Before comparing experimental and calculated spectra to de-

termine the rotational and vibrational temperatures, some ob-
servations must be taken into account. The observed bandhead
of the (1-1) transition is lower than the calculated one for a
given temperature when the other bandheads correspond well.
The same observation holds for the transition (0-1). It can be
assumed that the vibrational level v = 1 is not in equilibrium
with the other vibrational levels. For the spectra because of
the transitions Av = 0, the best fit is performed for the (0-0),
(2-2), and (3-3) bandheads. For the computation the molec-
ular constants were taken from Herzberg,14 which are valid for
v = 0, 1,2, and 3. Thus, for those spectra containing the tran-
sition Av = —1, the bandheads (5-6), (4-5), and (3-4) cannot
be used for the determination of the vibrational and rotational
temperatures. Figure 11 presents the experimentally gained
spectrum of the Av = 0 band of CN at the nozzle exit, and
Fig. 15 presents the calculated one that fit best. The vibrational
and the rotational temperature could be determined to Tr -
4000 K and Tv = 8000 K by a comparison of Figs. 11 and 15.

At two axial generator positions (0 and 15 cm) the Av = — 1
band spectra of the CN molecule was recorded and analyzed
by the comparing method additionally. The rotational and vi-
brational temperatures at the nozzle exit deduced with a pre-
cision of ±1000 K are similar to the temperatures that are
found with the Av = 0 band. Figures 12 and 16 depict the Av
= — 1 band found experimentally and by simulation for Tv =
9000 K and Tr = 4500 K.

An axial temperature profile, range 0-45 cm, is obtained by
analyzing the Av = 0 band of CN, and is presented in Fig. 17.
It can be observed that the vibrational temperature is higher
than the rotational temperature along the axis. Taking into ac-
count the precision of the applied method (±500 K), the ro-
tational temperature is constant between 0-45 cm, while the
vibrational temperature rises slightly with increasing distance
to the nozzle exit. An explanation for this behavior can be
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Fig. 17 Axial profile of the vibrational and rotational tempera-
tures in an N2-CH4 plasma.

found by considering an expanding nonequilibrium flow.15

Normally, it is assumed that the vibrational energies are con-
tained in the electronic ground state and that molecules behave
as a harmonic oscillator. In a nonequilibrium region, the upper
states of the internal modes are generally underpopulated and
attain number densities smaller than those given by the Boltz-
mann relations, which overestimate the internal energy.16

Those overpopulated states contain energy that is not ac-
counted for by the Boltzmann distribution, and so the temper-
atures calculated and presented in this article are overestimated
far from the nozzle exit.

It is intended to enclose the Treanor17 distribution in the
simulation program of CN to calculate the vibrational popu-
lation distribution and then to apply the new simulation to the
Av = 0 band of CN to determine the rotational and vibrational
temperatures. Another behavior of the temperature profile can
be expected other than that found with the Boltzmann popu-
lation distribution.

The emission because of the transition A3I1 -» X3S of NH
is observed along the axis (Fig. 13), and it is planned to de-
termine the rotational temperature using the Boltzmann plot
with an appropriate simulation program. The comparison of
the temperatures deduced from the NH and CN molecules will
give evidence for a thermal nonequilibrium between different
electronic levels.

In the CO2-N2 plasma, the Av = 0 band of the CN molecule
is not well enough resolved to be analyzed. Figure 14 presents
a spectrum recorded at the nozzle exit. The rotational structure
is perturbed by the background noise and impurities, and so,
unfortunately, no rotational and vibrational temperatures could
be deduced. Other molecular emissions have been searched,
such as N2, C2, and CO, but without success.

Discussion and Conclusions
The plasma environments occurring during the entry flights

into the atmospheres of Titan and Mars have been simulated
by 99% nitrogen and 1% methane, and 97% carbon dioxide
and 3% nitrogen mixtures, respectively, and are investigated
using mass spectrometry and emission spectroscopy.

A mass spectrometric survey along the central axis revealed
the presence of a great variety of species, especially in the
methane-containing flow. Rotational and vibrational tempera-
tures were determined for the N2-CH4 case by analyzing the
spectra of CN to be Tv = 9000 K and Tr = 5000 K at the nozzle
exit. The most luminous species was found to be CN for both
gas mixtures, even when the concentration is less than 1%.
The predominant molecular species such as CO, O2, O^, for
the CO2-N2 and N2 for the N2-CH4 mixtures were obviously
not excited electronically to emit radiation sufficient for the
determination of temperatures. Unfortunately, the line spectra
of atomic species such as N+ or N, whose presence was de-
tected through mass spectrometry, was not studied with the
optical technique in this series of experiences.

For complete flow characterization, future investigation will
concentrate on 1) numerical simulation of the NH band radi-
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ation to obtain additional rotational and vibrational tempera-
ture information, 2) measurement of electron temperature and
density, and 3) measurement of flow velocity by means of an
electrostatic technique. Options are being examined for the
possibility of the addition of a small amount of argon for both
gas mixtures.
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