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Entry Conditions in Planetary Atmospheres: Emission
Spectroscopy of Molecular Plasma Arcjets
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A stationary arcjet, operating at low pressure (0.13 mbar in the vacuum chamber), is used for the simulation
of the gas � ow surrounding a vehicle during its entry into the atmosphere of Titan and Mars. For the Titan
atmosphere the gas mixture 99% N2 ¡ 1% CH4 is used and 97% CO2 ¡ 3% N2 for the Martian atmosphere. The
respective plasma arcjets are analyzed by optical emission spectroscopy for identifying the emitting molecules and
atoms and also deducing the temperatures associated with their different internal modes. For the N2–CH4 plasma
the vibrational temperatures Tv deduced from CN and NH spectra are found in concordance with the measured
electron temperature, that is, 8000 K, whereas, from CH spectra, Tv is obtained close to 3700 K. The rotational
temperatures are found to be between 2500 and 2800 K for CH and NH and nearly 5000 K for both CN and N+

2
spectra. For the CO2 –N2 plasma no emission from the arcjet is detected in the UV–visible range; the feasibility of
the infrared analysis of the D v = 2 band of CO is demonstrated in a stationary plasma discharge experiment.

Nomenclature
Be = rotational constant
c = velocity of light
F = rotational energy
h = Planck constant
I = intensity of line
k = Boltzmann constant
L = axial distance from the nozzle exit
N = angular momentum of nuclear rotation
S = square of the dipolar transition element for rotation
Tr = rotational temperature
Tv = vibrational temperature
t = time
v = vibrationalquantum number
3 = component of the electronic orbital angular momentum

along the internuclearaxis
¸ = wavelength

I. Introduction

P LASMA arcjetsareoften consideredas importanttools in space
technology.They are studied as thrustersfor spacecrafts1¡3 and

also for the simulation of space conditions, for instance, during the
entry process into a planetary atmosphere.4;5 In the actual planetary
entry conditions a shock wave appears in front of the space probe,
and a plasma is generated by the local heating of the atmosphere
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produced by this shock wave. Between the shock wave and the
probe surface, a relaxationof the plasma properties occurs until the
surface is reached. The properties of interest are generally those
that are achieved at the surface for the study of the wall heating and
erosion.

Therefore, in laboratory simulation it is important to get a com-
pleteknowledgeof thepropertiesof theplasmajets, theoretically3;6;7

as well as experimentally.8¡11 In the ground test facilities of Lab-
oratoire d’Aérothermique, the properties of the space environment
surroundinga vehicle can be simulated for the entry conditionsinto
a given atmosphere.5

The present work is an investigation of emission spectroscopy
with two different plasma � ows (N2–CH4 and CO2 –N2 ) for the
simulation of Titan and Mars atmospheres.

II. Experiment
The presentmeasurementswere carriedout with the plasma wind

tunnelSR1 (length3.4 m, diameter1 m), where a dc arc jet generator
(Fig. 1) is operated for the production of stationary plasma � ows.

The arc discharge is generated between the tip of a cathode,
which is a small zirconium disk inserted into copper (disk diam-
eter 1.6 mm), and the nozzle throat, which operates as the anode
(cylindrical neck of 4 mm length and 4 mm internal diameter, made
of tungsten inserted into copper). Copper pieces, anode as well as
cathode, are water cooled. The exit diameter of the diverging part
of the anode is 48 mm. With a vortex-stabilizedarc at low currents
(50–200 A) and low mass-� ow rates (0.1–0.3 g s¡1), continuous
plasma jets are obtained in steady conditions. The average speci� c
enthalpy ranges from 5 to 22 MJ kg¡1 . Roots pumps (with a pump-
ing speed of 24,000m3 h¡1 ) allow an ambientpressureof 0.13 mbar
to be maintained in the vacuum chamber during operation of the arc
jet.

For the simulation of the entry conditions into the Titan atmo-
sphere, the gas mixture (99% N2 and 1% CH4 ) is prepared by intro-
ducing a mass-� ow rate of 0.258 g s¡1 for N2 and 0.005 g s¡1 for
CH4 . Thus, the amount of CH4 corresponds to the smallest value
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expected for the Titan atmosphere. In the case of the Martian atmo-
sphere,a mixtureof 97% CO2 and 3% N2 is used,with the respective
mass-� ow rates 0.249 g s¡1 and 0.0014 g s¡1 . In these conditions
the average speci� c enthalpy is about 10.9 MJ kg¡1 for the CO2–N2

plasma and 8.2 MJ kg¡1 for the N2 –CH4 plasma.
Air plasmas can be maintained with steady conditions during

several hours (about 8 h of continuous run); this operating time
is limited mainly by the lifetime of the zirconium tip of the cath-
ode. Adding a carbonatedcompound (such as CO2 and CH4 ) in the
plasma decreases its lifetime signi� cantly. In these conditionsit can
be observed that all of the water-cooled surfaces inside the vacuum
chamber are polluted with a black layer of carbon or carbonic soot
within a few minutes. The pollution of the anode leads to an unsta-
ble behavior of the arc and accelerates the erosion of the zirconium
tip. Then, the operation time is limited to about two hours. Because
the quartz window for the optical emission is not water cooled, it
remains free from any deposition.

The plasma parameters in the plume can be analyzed locally by
moving the plasma generator along the horizontal and vertical axis.
The displacement ranges are 65 cm along the plasma jet axis and
40 cm perpendicularly.

For the CO2 plasma two different experiments are per-
formed. At � rst, the Martian atmosphere is studied at Laboratoire
d’Aérothermique with the working conditions just described, and
the spontaneous emission of the plasma is analyzed in the near
UV and visible domains (275–900 nm). Another experiment is per-
formed in CRMHT Laboratory for very differentplasma conditions
and a different wavelength range for the analysis. This second ex-
periment is a small plasma source located in a cylindrical chamber

Fig. 1 Schematic of the arcjet generator: 1, anode; 2, cathode; 3, an-
ode water-cooling circuit; 4, cathode water-cooling circuit; and 5, gas
injection.

Fig. 2 Experimental setup for the CO spectrum study in the IR wavelength range.

(40 cm in length, 10 cm in diameter) equipped with two CaF2 win-
dows for the optical measurements (Fig. 2). A Fourier transform
infrared (IR) spectrometerallows the CO2 plasma to be analyzed in
the IR wavelengthregion.The workinggas (pure CO2) is introduced
axially, the mass � ow is controlled, and a primary pump maintains
an atmospheric pressure in the chamber. The arc discharge is sus-
tained between two cylindricalelectrodeswith a conical tip made of
tungsten (summit angle 60 deg). The distancebetween the electrode
tips can be adjustedusing an insulatedmicrometricscrew. The arc is
ignited by shortening the distancebetween the electrodes(typically
to 5 mm); in steady regime an arc of 10 mm length is maintained
using a high-voltage ac electric supply (10 kV, 150 mA, 50 Hz).

Such a plasma source does not simulate properly the conditions
of planetary reentry, but is a � rst step for this study. The main goal
here is to detect the CO emission in the IR range and to perfect
the simulation of the 1v D 2 band of the CO spectrum from the
comparison with an experimental spectrum.

III. Optical Emission Spectroscopy
Thanks to the intense radiation that is emitted by the plasma jet, a

numberof physicalparameterscan be determinedthroughtheanaly-
sis of the light emitted spontaneouslyby means of optical emission
spectroscopy, which has the advantage to be a nonintrusive diag-
nostics tool.8;9 Rotational and vibrational spectra can be observed,
and some plasma parameters, such as the rotational and vibrational
temperatures, Tr and Tv , respectively, can be deduced. Therefore
a high-wavelength resolution is needed for resolving the rotational
lines.

A. UV–Visible Experimental Setup

The experimental setup for the measurements in the near UV and
visible wavelength range is shown in Fig. 3. The monochromator
(SOPRA F1500, Ebert–Fastie type) has a focal length of 1500 mm
and a grating of 1800 grooves/mm. The plasma is imaged onto the
monochromator by a mirror telescope connected to the entrance
slit by a quartz optical � ber. The detector is an intensi� ed optical
multichannel analyzer (OMA, Princeton Instruments IRY 1024).
This device allows an 8.5-nm wavelength region to be expanded on
1024 pixels. The OMA is cooled by a Peltier element, which gives
an operating temperature of ¡35±C.

Althoughthe plasma columnhas a goodcylindricalsymmetry, no
Abel inversion is performed (except when especially mentioned),
and the radiation collected by the spectrometer is the result of an
integration along a diameter of the arcjet, on the jet axis, at a given
distance L from the nozzle exit. Then, it must be noticed that the
properties deduced from the corresponding spectra are averaged
over this diameter. This means that, for deducing vibrational or ro-
tational temperatures from the recorded spectra, it must be assumed
that the different corresponding state populations are distributed
with the same relative radial pro� le at a given distance from the
nozzle exit.
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Fig. 3 Optical setup for the near UV and visible wavelength range.

Fig. 4 Schematic of the FTIR spectrometer (CRMHT-CNRS Orléans,
France).

B. IR Experimental Setup

The experimental setup employed for the IR analysis is a Fourier
transform IR (FTIR) spectrometer (Bruker IFS 113v). Figure 4
shows the scheme of the apparatus. The FTIR principle is based
on the Michelson interferometer. The incident radiation (the � ux
emitted by the plasma discharge) is split into two beams re� ected
by a mobile mirror. Each one follows a different optical path. They
are combined again after following these different ways. The mir-
ror motion induces that one part of the analyzed beam is ahead of
the other by a time 1t . The detection is performed by an InSb (in-

dium antimonide) detector, and the calculator transforms the time-
depending signal into the spectrum (intensity vs wavelength). This
spectrometer is working for re� ection and transmission on solid
surfaces. A home-made device is coupled to the spectrometer for
measuring the spectralemissivityof solids and molten materials. To
analyze the light emitted from the plasma discharge, the arc image
is focused onto the usual sample spot, and the light emitted by the
plasma is then introduced into the spectrometer via a � at mirror.

C. Molecular Diagnostic Method

The rotational .Tr / and/or vibrational .Tv/ temperatures can be
deducedthroughmolecularemissionspectroscopy,even if the emis-
sion spectra are noisy and not completely resolved, regarding the
wavelength structure, caused by the limited wavelength spread
1¸app (apparatus function) delivered by the complete analysis de-
vice.The methoddescribednext is basedon a numericalcomparison
of the experimentalspectrumwith a correspondingtheoreticalspec-
trum. It can be applied in the temperature range 300–10,000 K.

The followingprocedure is applied.First, the measured spectrum
is corrected for the continuous background, which is generally as-
sumed to be linear in the spectral range of interest.The experimental
spectrum is normalized to the head band peak intensity, and the ap-
paratus function 1¸app is estimated from the pro� le of an isolated
line in the spectrum, or from the shape of the band head.12;13 Then,
a rather good estimation of temperatures can be made quickly by
a simple comparison of the theoretical and experimental intensities
of two selectedcomponentsof the spectrum.The uncertaintyon the
resulting temperature is related to the precise identi� cation of these
components, to the sensitivity of the corresponding intensity ratio
to the temperature, and to the choice of the continuous background
level. The best choice of such a thermometer test functionshould be
made with respect to the analysis of possible systematic errors. For
example, adequate test functions for OH, C2, and CH are published
in previous publications (see for example Refs. 12–15). If the syn-
thetic spectrum describes correctly the wavelength location of the
rotationalandvibrationallines, it is alsopossibleto comparepointby
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point the experimentaldata with the simulatedspectrum.Then, a nu-
merical minimization procedure, initiated using a test function, can
be used in order to minimize the mean square variationas a function
of the temperatures Tr and Tv and of the apparatus function 1¸app .

If a well-resolvedmolecularspectrumcan be obtained,thenumer-
ical superpositionprocedurecan be initializedusing the temperature
values deduced from the Boltzmann plot given by the measured line
intensities.If most of neighboringspectral lines are overlapping,the
Boltzmann plot method cannot be used.

IV. N2–CH4 Plasma
With the arcjet experiment several bands of the emission spec-

trum are intense enough for being used in the determination of ro-
tational and/or vibrational Tv temperatures. Because these bands
partially overlap, only some wavelength intervals of the spectral
region are � t for use. Here, special attention is devoted to the CH
(A25 ! X26 ) transitionand to theCN violetbands, as well as to the
NC

2 .B26 ! X26 ) � rst positive system and the NH (A35 ! X36)
electronic transition. The aim is to deduce from these spectra the
rotational and vibrational temperatures for the electronic ground
state of the respectiveneutral species. For this purpose the emission
spectra are simulated from the ground state populations, assuming
that the upper electronic level is excited only by electron impact.
Then, the vibrational population of the upper level is the result of
the ground state distribution multiplied by the appropriate Franck–

Condon factors. For the rotational population it is assumed to be
the same for the upper level and for the ground state. The deex-
citation is considered to be fully radiative. Therefore, with these
assumptions15 an emission spectrum re� ects the ground state rota-
tional and vibrationaldistributions.This model is justi� ed because,
under the present plasma conditions, for all of the molecules of in-
terest the radiative decay frequencies are greater than the collision
frequencies.

A. CH (A2 D ! X2 R ) Spectrum

The approach presented by Koulidiati16 for the 1v D 0 systems
around 430 nm is used for the simulationof the CH molecular band.
The energy levels are described in intermediate coupling, and the
3 doubling is taken into account only for the 25 state. Then, the
high molecularvibrationsare describedusinga supplementaryterm
obtained from the experimental data of Fagerholm.16 Nevertheless,
the global simulation of the spectrum for the determination of the
rotationalandvibrationaltemperaturesis not theproperway because
of the perturbationsof the CH spectrumarisingfrom the emissionof
other emitting molecules in the same wavelength region. Therefore,
thermometric lines of CH are chosen in the R branch, which can be
used to deduce a rotational temperature from test functions. These
thermometric lines are well isolated and not perturbed. Such four
lines are listed in Table 1. The intensities of these four lines (and
only them) are here treated by the inverseAbel transformin order to
obtain the local correspondingpopulation densities. The rotational
temperature Tr to be determined is then connected to the relative
corrected intensities through the Boltzmann law:

³
I N 0 ;v0

N 00;v00

SN 0 ;N 00

´
D ¡

hcF.N 0/

kTr

where I is the intensity of the line (after Abel transform, and ex-
pressed as a number of photons per time unit), corresponding to
the transition (N 0; v 0 ! N 00; v 00), and F.N 0/ is the rotational energy

Table 1 Thermometric lines chosen for
the CH molecule

Vibrational Wavelength,
No. Line band nm

1 R1cd (19) (0,0) 419.316
2 R1cd (16) (0,0) 421.218
3 R2cd (14) (0,0) 422.603
4 R1cd (13) (0,0) 423.106

Fig. 5a Experimental spectrum for CH in the 415.0–440.0 nm wave-
length range with the mixture N2 (99%)/CH4 (1%); distance from the
nozzle exit: L = 1 cm.

Fig. 5b Vibrational temperature determination from the ratio
between the Q(2-2) and the Q(0-0) simulated intensities.

of level N 0. The local rotational temperature is then evaluated. It
appears that the relative intensities of the three branches P, R, and
Q of the theoretical spectrum depend strongly on the vibrational
and rotational temperatures.The Q(2,2) band head is well isolated,
and the ratio of its maximum to the maximum of the merged Q(0,0)
and Q(1,1) band heads varies with vibrational temperature, but not
with rotationaltemperature.Thus, the Q(2,2) band head can be used
for the evaluation of the vibrational temperature.14;16

An example of experimentalspectrumis given in Fig. 5a. The CN
violetband is also present;as just mentioned,this preventstheglobal
simulation method to be applied successfully.The determinationof
the rotational temperature requires successively: 1) the transverse
measurement of the intensity of the four thermometric lines; 2) the
calculationof the inverseAbel transformin order to work in the axial
symmetry; 3) the extractionof the populationscorrespondingto the
emittingstatesof the four linesand their presentationin a Boltzmann
plot. Applying this method leads to an axial rotational temperature
of 2500 K for the conditions of Fig. 5a. For the calculation of the
vibrational temperature, the ratio of the Q(0,0) maximum to the
Q(22)maximumis calculatedfor a rotationaltemperatureof 2500K,
as just determined,vs the vibrationaltemperature.This test function
is reported in Fig. 5b. The vibrational temperature corresponds to
the point where the ratio is the same as the experimental value.
The spectrum of Fig. 5a gives then a vibrational temperature of
3700 K.

B. CN (B2 R ! X2 R ) Violet System Around 388.5 nm

The CN violet system is observed as the transition CN
(B26; v0 ! X26; v”). Two bands are clearly observed under the
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present plasma conditions: the 1v D 0 diagonalband and the 1v D
¡1 band.

For the CN violet system it is not possible to resolve individual
spectral lines for determining a rotational or a vibrational tempera-
ture. Lines from the (0-0) and (0-1) rotational bands are lying too
close to each other to be resolved, and lines from other vibrational
transitions are all overlapping with each other. Therefore, in the
case of CN, the complete interpretation of the spectrum is based
on the overall comparative method. Several sets of molecular data
are tested,17¡20 and the best agreement is found with the vibrational
and rotational constants given by Ito et al.20 These constants also
give the best agreement for the wavelength location of the spectral
lines. However, the measured intensity distributions are not accu-
rately reproduced. Then, the vibrational temperature is obtained
through the best global agreement between the measured and sim-
ulated spectra. The rotational temperature is preferablydetermined
from a best � t of the rotational lines of the (0-0) transition.For both
vibrational and rotational temperatures the error is expected to be
lower than 500 K, as far as the molecular constantsare correct.This
extent of error is only evaluated from the comparison between cal-
culated and recorded spectra; this is rather a statistical error on the
treatment procedure than an actual experimental accuracy. An ex-
ample of experimentaland simulated spectra for the diagonalbands
measured at a distance L D 2 cm from the nozzle exit is shown in
Fig. 6. The temperatures obtained are close to Tv D 8000 K for vi-
bration and Tr D 5000 K for rotation, with the apparatus function
1¸app ¼ 0:022 nm.

Experimental spectrum

Simulated spectrum

Fig. 6 Spectra for CN in the 385–388.5 nm wavelength range in the
same conditions as in Fig. 5. The simulated spectrum is calculated with
the temperatures Tv = 8000 K and Tr = 5000 K.

C. NH (A3 P ! X2 R ) Transition Around 336.0 nm

The emission is observed for the transition NH (A35 ! X26 ).
Only the (0-0) and (1-1) vibrational bands can be observed with a
reasonable signal-to- noise ratio. The spectrum is simulated with
the molecular constants taken from Brazier et al.21 These constants
are not accurate enough for reproducing the wavelengths of most
of the rotational lines within the limits of the apparatus resolution.
However, the agreement is still better than with the constants taken
from Huber and Herzberg,18 and, for rotational levels up to 20,
the overall structure looks very similar to the experimental spec-
trum. For higher rotational levels the experimentalspectrumalways
exceeds the simulated intensities. This point will be discussed in
Sec. IV.E. An example of measured and simulated NH spectrum is
shown in Fig. 7. The rotationaltemperatureis determinedfrom lines
corresponding to rotational levels up to 20 and are well resolved.
Then the vibrational temperature is determined with the ratio be-
tween the two band heads (0-0) and (1-1). The temperatures are
found to be Tv D 8000 K for vibration and Tr D 2800 K for rotation
(with 1¸app ¼ 0:020 nm) at a distance L D 1 cm from the nozzle
exit.

D. N++
2 (B2 R ! X2 R ) First Negative System Around 391.4 nm

The � rst negative system of the molecular ion of nitrogen corre-
sponds to the transition NC

2 .B26C
u / ! NC

2 .X26C
g ). A good agree-

ment for the intensitiesas well as for the wavelengthsof the spectral
lines is obtained, with the vibrational and rotational constants taken
from Krupenie and Lofthus.22 For the rotational temperature the
accuracy is better than 500 K. The determination of the vibrational
temperatureis more hazardousbecausethe intensityof the spectrum

Experimental spectrum

Simulated spectrum

Fig. 7 Spectra for NH in the 335–345nm wavelengthrange in the same
conditions as in Fig. 5. The simulated spectrum is calculated with the
temperatures Tv = 8000 K and Tr = 2800 K.
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Experimental spectrum

Simulated spectrum

Fig. 8 Spectra for the N+
2 � rst negative system in the 389.8–391.8 nm

wavelength range in the same conditions as in Fig. 5. The simulated
spectrum is calculated with the temperature Tr = 2200 K.

corresponding to the (1-1) band is weak compared with the inten-
sity of the (0-0) band. Because of overlapping,the intensities of the
(1-1) band can only be determined with a poor accuracy. Examples
of measured and simulated spectra, taken at a distance L D 1 cm
from the nozzle exit, are given in Fig. 8. The rotational temperature
thus obtained is close to Tr D 2200 K, with the apparatus func-
tion 1¸app ¼ 0:034 nm. The agreement between the experimental
and simulated spectra is quite satisfactory, except for wavelengths
lower than 390.5 nm where the intensity alternation is not quite
� tted.

E. Discussion of the Results for the N2 –CH4 Plasma

Figure 9 shows the rotational and vibrational temperatures along
the plasma plume axis, as determined from the NH spectrum. The
distance from the nozzle exit ranges here between 0 and 200 mm.
At larger distances the intensity of the emitted light becomes too
weak. The rotational temperature over this distance range is nearly
constant, at 2800§ 300 K. If the upper rotational levels are con-
sidered (>20), a substantial overpopulationis noticed, with respect
to the Boltzmann equilibrium distribution; this could be an effect
of the radial distribution of the rotational temperature in the arcjet,
with colder parts on the outer edge of the jet. Then, the measure-
ments appear as an average along a diameter of the jet, and the
integrated population distribution among the rotational states may
exhibit a superposition of local quasi-Boltzmannian distributions.
Such artifacts were observed and explained for CO molecules in
free jets23 and sometimes interpreted erroneously as population in-
versions.The determinationof the vibrationaltemperaturefor NH is

Fig. 9 Rotational temperature (Tr , ¤, ¥) and vibrational temperature
(Tv, , ) for NH ( , ¥) and CN ( , ¤) as a function of the distance L
from the nozzle exit, for the mixture N2 (99%)/CH4 (1%).

Fig. 10 Rotational (¤, ¥) and vibrational ( ) temperatures for N+
2

(¥)
and CH (¤, ) as a function of the methane percentage in the N2 /CH4
� ow for the distance L = 2 cm from the nozzle exit.

a little hazardous,as pointedout before. The scatter in experimental
data is very large, and a value of 7500§ 2000 K is obtained along
the axis.

The CN violet system leads to a much higher rotational temper-
ature, 5000§ 200 K along the axis (Fig. 9). A slight, but hardly
signi� cant, increasing tendency with distance can be observed.The
vibrational temperatures from CN are found to be similar to those
obtained with NH: 8000§ 1000 K near the source, with again an
increase with distance.

In Fig. 10 are reported the rotational temperatures of CH and
NC

2 , as well as the vibrational temperature of CH, as a function
of the methane concentration in nitrogen. For very low methane
percentage(<0:5%), the NC

2 rotationaltemperatureis about2500K.
This is in agreementwith the rotationaltemperaturesof CH and NH,
as measured for the 1% methane mixture. For concentrations of
methane higher than 1%, the rotational temperature of the nitrogen
ion increasesup to more than 4500K, which is close to the rotational
temperature of CN.

The atmosphereof Titan includesa percentageof argon, which is
not yet very well known but might be as high as 25% (Ref. 24). It is
observed that addingan amount of argonup to this percentagein the
gas mixture has no signi� cant in� uence on the measured spectra.
This explainswhy the in� uence of argon has beendisregardedalong
this work.

V. CO2–N2 Plasma
The present work, dealing with Mars atmosphere, is the fol-

lowing of a previous study carried out in 1995 at Laboratoire
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a)

b)

Fig. 11 IR spectrum of the CO2 plasma, as obtained at CRMHT: a)
general IR spectrum in the wavelength range 800–4000 nm; b) detailed
view of the CO spectrum between 2280 and 2480 nm (pure CO2).
The simulated spectrum (——) is calculated with the temperatures
Tv = 3500 K and Tr = 3500 K.

d’Aérothermique.5 At this time the relative concentrations of the
various chemical species inside the plasma jet were measured using
a mass spectrometrytechnique.The presentwork is a � rst step in the
measurement of the IR emission of plasmas containing CO2. The
main goal here is to analyze the IR emission of the CO molecule
and to validate the simulation of the CO spectra for the 1v D 2
band.25 These measurements are made with the FTIR experiment at
the CRMHT laboratory (Figs. 2 and 4).

In Fig. 11a the � ux emitted by a CO2 plasma discharge at at-
mospheric pressure in the wavelength range 800–4000 nm is pre-
sented. The prominent feature of this spectrum is the large CO2 � ux
emission with a superimposed structure corresponding to the H2O
moleculeabsorptionlines.A muchsmallerstructurecanbeobserved
around2400nm. This is the 1v D 2 bandof the CO molecule,which
is shown at a larger scale in Fig. 11b. On this � gure is also shown the
calculated spectrum obtained with rotational and vibrational tem-
peratures equal to 3500 K and a wavelength spread of 1 nm at half
maximum. The agreement between the experimental and simulated
spectra is very good, for the intensity as well as for the band head
wavelength locations.

VI. Conclusions
For the CO2–N2 plasma the emission in the visible and near UV

wavelength range cannot be extracted from the backgroundnoise in
the Laboratoired’Aérothermiqueexperimentalconditions.IR emis-
sion is observedwith theFTIR spectrometryexperimentofCRMHT,
correspondingto the 1v D 2 bandof CO. IR measurementswill also
be performed in the near future with the arcjet experiment.

For the CH4 –N2 plasma it is at � rst observed that the rotational
as well as vibrationaltemperaturesremain nearly constant along the
plasma jet axis. This property is common to the different species,
which are investigated here; but, the absolute values of the temper-
atures can be very different from one species to the other. Thus,
the vibrational temperatures obtained for CN and NH are in con-
cordance with each other and also in agreement with the electron
temperature of 8000 K, as measured by an electrostatic probe. The
vibrational temperature of CH is signi� cantly lower, that is, only
3700 K. The rotational temperatures are high for CN and for NC

2 ,
both near 5000 K. Lower values of the rotational temperature are
foundfor the two hydridesNH (2800K)and CH (2500K); these two
temperaturescan be consideredas equal within the experimentaler-
ror spread. This effect is not clearly understoodbecause it seems to
be in contradictionwith the properties that can be deduced from the
valuesof the moments of inertia,which are very differentfor the two
groups because of the light H atom (rotational constant Be D 1:97
and 1.65 for CN and NC

2 , respectively,14 and 14.6 for NH and CH,
respectively18).

The relative independenceof temperatureswith the axial distance
is easilyexplained,at least for the vibrationaltemperature.The mean
free path for vibrational relaxation in the conditions of the experi-
ment is of the order of 1 cm. Furthermore, several tens of collisions
are needed for relaxation. It is then likely that the temperatures are
frozen in the expansion of the plasma and re� ect directly the con-
ditions inside the arc source. For rotational relaxation the situation
is not so simple; the fact that the temperatures are lower should
mean that relaxation is effective, and the fact that the temperatures
are constant relative to distance that the relaxation occurred before
the exit of the nozzle. Nevertheless, as just mentioned, the � nal ro-
tational temperatures are different when the numbers of collisions
necessary for relaxation are different. The limit of all of these ro-
tational temperatures would be the translational temperature if the
rotation-translationrelaxationwere complete. This will be checked
by using a modi� ed arc source where it will be possible to analyze
the emission inside the divergent part of the nozzle where most of
the relaxation process should take place.
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ulations in Supersonic Free Jets and Molecular Beams,” Rare� ed Gas
Dynamics, edited by H. Oguchi, Univ. of Tokyo Press, 1984, pp. 551–

566.
24Nelson, H. F., Park, C., and Whiting,E. E., “Titan Atmospheric Compo-

sition by Hypervelocity Shock-Layer Analysis,” Journal of Thermophysics
and Heat Transfer, Vol. 5, No. 2, 1991, pp. 157–165.
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