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Shock-tube experiments are carried out to study the radiation emitted during a vehicle entry in the Mars

atmosphere. CN and C2 emission absolute intensity measurements are performed behind a strong shock wave in a

CO–N2 mixture with two different conditions of initial pressure and velocity. The CN violet system bands are shown

to be self-absorbed. Temperatures and CNmole fractions are derived using this phenomenon in the nonequilibrium

part of the shocked gas.C2 absolute emission intensities are measured in different mixtures: CO–N2,CO2–N2, and

pureCO2. Some comparisons with two-temperature calculations are presented. Such a two-temperaturemodel fails

to correctly reproduce CN andC2 experimental radiative flux densities but is suitable for mole fraction predictions.

Nomenclature

A = reaction rate constant
kf = forward reaction rate
pi = initial pressure in the shock tube
ps = postshock pressure
Ta = geometrical average of kinetic and vibrational

temperatures,
��������������

Tk:Tvib
p

Td = reaction characteristic temperature
Teq = equilibrium temperature
Tk = kinetic temperature
Tvib = vibrational temperature
t = laboratory time
vs = shock velocity
XC2 = molar fraction of C2 molecule
XCN = molar fraction of CN molecule
XCO = molar fraction of CO molecule
�v = difference between the upper and lower vibrational

levels of a radiative transition

I. Introduction

F UTURE exploration missions toward the planet Mars will
require further understanding of physical and chemical pro-

cesses occurring during the probe entry in the upper atmosphere. As
shown in Table 1, past spacecraft were quite light and the entry
velocities remained moderate. So the resulting peak heat fluxes and
total heat loads were sustainable for ablative materials. Moreover, in
these conditions, the radiative heat flux only represented a few per-
cent of the total heat flux. In fact, for stagnation pressures lower than
2 � 104 Pa, low-density thermal protection systems (TPS) such as
SLA-561 used on those spacecraft are still suitable [1].

The entry velocity of the vehicle in projected missions is higher
than 7 km=s. The next spacecraft will be heavier andwill encounter a
very large convective as well as radiative heat load. The estimate of

the radiative flux on the spacecraft wall needs to be improved to
increase the confidence in new TPS and the relative mass of the
scientific payload.

The interaction between a plasma flow and a surface can be repro-
duced in a plasmawind tunnel (arcjet [2], inductively coupled plasma
[3]), but the physical and chemical conditions behind an entry shock
wave can only be obtained thanks to a shock tube. Although plasma
wind tunnels can be operated for hours, the effective test time behind
a shock front moving at a few kilometers per second is in the order of
few microseconds. Just behind the shock front, the pressure jump
induces a high kinetic temperature but the energy exchange charac-
teristic times are too small to ensure equilibrium. Physical and chemi-
cal processes occurring in this zone should then be considered as out
of equilibrium.

Shock-tube experiments have been used for a long time to study
shock waves in mixtures containing carbon dioxide. Some of these
studies focus on a Venusian application with pure CO2 gas. For
example, theC2 Swan andCO fourth positive systemswere observed
by Nealy and Haggard [4] and Nealy [5]. The very valuable experi-
ments by Thomas and Menard [6], who carried out radiative flux
measurements at various wavelengths in different CO2–N2 mixtures
and in pureCO2, also have to be cited. Gorelov et al. [7] provided the
relaxation of electronic temperature and density for amixture close to
the actual Martian atmosphere composition with an initial pressure
equal to 26.6 Pa and shock velocities from 4 to 8:5 km=s. At the same
time, Losev et al. [8] carried out time-resolved emission measure-
ments in CO2–N2 mixtures highly diluted in argon for velocities
lower than 3:75 km=s and initial pressures of about 100 Pa.

Different groups using different kinds of shock tubes recently
published some relevant results concerning radiation behind a strong
shock wave in mixtures related to Mars and Titan atmospheres.
Indeed, because of the high CN and C2 radiation, experiments on
Titan mixture plasmas are also very interesting as complementary
test cases.

Experiments were carried out in the NASAAmesResearch Center
Electric Arc Shock Tube at high velocities and low pressures with
various N2–CH4 mixtures [9] and with a 96% CO2–4% N2 mixture
[10,11] (thereafter, all mixture compositions will be given as volume
fractions). Those last results consist in emission spectroscopy mea-
surements of theCNviolet systems,C2 Swan bands, and atomic lines
aswell as thefirst quantitativemeasurement of theCO fourth positive
system in such conditions.

In parallel, some tests were realized at the University of Provence
on the TCM2 free-piston shock tube with various N2–CH4–Ar
mixtures related to the expected composition of the Titan atmosphere
(before Huygens successful mission) [12] and a 70%CO2—30%N2

mixture [13]. The latter tests highlighted discrepancies in the
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rebuilding of the CN radiation temporal profiles because of the
uncertain CO2 dissociation rate from commonly used models.

More recently, Anokhin et al. [14] published some results obtained
at the Moscow Institute of Physics and Technology in a hydrogen–
oxygen–helium combustion shock tube with a 70% CO and 30%N2

mixture with shock velocities ranging from 4 to 6:5 km=s and with
initial test gas pressures between 175 and 1100 Pa. They gave tem-
poral profiles of the CN violet and red systems and C2 Swan bands.
Evenmore recently, the same authors performed experiments on pure
CO2 mixtures to measure CO2 dissociation and electron density.‡

They had previously investigated the emission of CO2–N2–Ar
plasmas with various dilution ratios in argon [15].

Lee et al. [16] used a static high hydrogen pressure shock tubewith
a 78% CO—22% N2 mixture at the Korean Advanced Institute of
Science and Technology. These experiments were carried out in
reflected shock conditions in which the equivalent shock velocity
reached 5 km=s and the equivalent driven gas pressure was between
500 and 1100 Pa. The measured temporal profiles of the CN violet
main vibrational manifolds were compared with model results.

Finally, CN radiation was also recently measured at the exit of
the X2 free-piston shock tube at the University of Queensland in
Australia by Brandis et al. [17] for a wide range of velocity, pressure,
and composition conditions.

As shown, the radiative flux has been widely investigated through
optical emission spectroscopy until now. However, the physical and
chemical models still have to be validated. Then many experimental
data are required to question them. One of the main points is the fact
that radiation is due to excited states whereas the classical models
deal with nonexcited species. Consequently, opportunities to get data
about radiative fluxes of main radiators, temperatures, and densities
together behind a strong shock wave in Martian mixtures should be
seized. To correctly predict the radiation of molecules such as CO,
CN, andC2, the estimate ofCO2 dissociation also has to be improved.

This paper presents results of CN spontaneous emission behind a
shock wave for a mixture of carbon monoxide and nitrogen for two
running conditions with absolute intensity, mole fraction, and tem-
perature temporal profiles. C2 quantitative radiative heat flux den-
sities are also presented for one of the previous running conditions in
pure CO2 and in CO–N2 and CO2–N2 mixtures. Some comparisons
with a two-temperature model are also exposed to highlight the limit
of such a calculation.

II. Facility and Instrumentation

A. Shock-Tube Facility

The experimental investigations were carried out in a shock-tube
facility known as TCM2, located at the University of Provence in
Marseille, France. TCM2 was initially built as a powerful and clean
wind tunnel for testing in air. It has been modified to work as a shock
tube with mixtures such asN2–CH4–Ar, CO–N2,CO2–N2, and pure
gases. This facility works according to the Stalker principle: a free
piston (35 kg) hurled by high-pressure air continuously and adia-
batically compresses a mass of helium used as a driver gas.When the
pressure in the helium reaches a critical value, a steel membrane
(2 mm thick) bursts and compression waves converge to a shock
wave along the shock tubewhere the test gas is at rest. Figure 1 gives
an overview of the facility with useful dimensional details. An

extensive description of this facility and its functioning is given in
[18,19].

The internal diameter of the stainless steel shock tube is 70 mm. It
is equipped with four pressure transducers that allow the shock front
during a run to be located and then the shock velocity to bemeasured.
Between two runs, both compression and shock tube are evacuated to
a pressure of a few hundredths of a pascal by a primary-root pump
system. A stainless steel chamber is located 6 m after the main
membrane and is equipped on both sides with two 25 mm quartz
windows to carry out optical measurements inside the shock tube.

B. Working Conditions

Some previous experiments were carried out with a mixture of
70% CO2 and 30% N2 [13]. They revealed a two-phase temporal
profile of the CN emission and a very low vibrational temperature for
the B2�� excited state of CN. During those previous experiments,
the pressure was about 200 Pa and the shock velocity was close to
6:2 km=s. For the present study, the mixture is made up of carbon
monoxide and nitrogen in the sameC/N ratio as in the previous study
(70% CO and 30% N2). Despite the difference from the actual
composition of the Martian atmosphere, such a ratio allows the
emission signal-to-noise-ratio to be significantly improved whereas
the chemical kinetics processes remain the same. Two initial
pressure/shock velocity conditions were studied: pi � 320 Pa and
vs � 6:2 km=s (called the moderate-pressure condition), and pi �
45 Pa and vs � 6:9 km=s (called the low-pressure condition). For
these conditions, CN violet (B2�� ! X2��) and C2 Swan
(d3�g ! a3�u) emissions were monitored. Some complementary
experiments were also carried out in the low-pressure condition with
a 70%CO2–30%C2 mixture and also pure CO2 monitoring the C2

Swan emission (Table 2).
The relative uncertainties of the mixture compositions are lower

than 2%. Moreover, the contamination of the test mixture by outside
air can be neglected because of the weak leakage rate of the shock
tube. It was reduced in comparison to previous studies to a value
always lower than 0:01 Pa=min. Moreover, before each new filling,
the shock tube was flushed several times with the next test gas and
then pumped again. The initial pressure in the shock tube is known
with an accuracy of 1 Pa but varies shot-to-shot. Tests were carried
outwith pressures ranging between 42 and 47 Pa for the low-pressure
condition and between 315 and 325 Pa for the moderate-pressure
condition. The corresponding shock velocities ranged, respectively,
between 6.76 and 6:92 km=s and between 6.21 and 6:27 km=s.
There is no obvious correlation between the variations of the initial
pressure and the variations of the shock velocity because some others
parameters are involved, such as the air pressure in the high-pressure
chamber when the membranes burst.

Table 1 Characteristics of some Martian spacecraft atmospheric entries [27]

Spacecraft Year Mass, kg Entry velocity,
km=s

Peak heat flux
density, MW=m2

Total heat load
density, MJ=m2

Viking 1976 992 4.7 0.26 11
Mars Exploration Rover 2004 830 5.5 0.44 36.87
Phoenix 2008 600 5.67 0.58 32.45
Mars Pathfinder 1997 584 7.26 1.00 39
Mars Science Laboratory 2011 2800 6 1.55 <60

Table 2 Working conditions: pressure, shock velocity, and mixtures

Conditions Pressure, Pa Shock
velocity, km=s

Mixtures

Low pressure 45 6.9
70% CO–30% N2

70% CO2–30% N2

100% CO2

Moderate pressure 320 6.2 70% CO–30% N2
‡Private communication with A. Starikovskii, March 2008.
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C. Shock Velocity Measurements

Four dynamic pressure gauges are placed above the center point of
the optical section and 750, 1150, and 2900 mm upstream from this
point. The shock velocity is estimated from the gauge signal record-
ings on a four-channel digitizing oscilloscope and by detecting the
shock front using a homemade electronic processor. This device
calculates the velocity of the shock wave in the driven tube and
predicts its arrival time in front of the test section to trigger the optical
measurement channel. The velocities measured by both systems are
in very good agreement. The size of the transducer effective surface
induces an uncertainty on the shock velocity measurement that
remains lower than 40 m=s (relative uncertainty: 0.7%) whatever the
experimental conditions.

D. Calibrated Time-Resolved Emission Spectroscopy

The short duration of a run in a shock tube (about 20 �s for our
experiments) compels the use of diagnostic techniques providing a
lot of data. As mentioned earlier, our experiments are aimed to get
information about radiation flux on the one hand, and chemical kinet-
ics in the plasma on the other hand. The former needs absolute mea-
surements whereas the latter needs the monitoring of temperatures
and densities with a sufficient temporal resolution. Spontaneous
emission brings some information about the excited radiative levels,
mainly density and temperatures. Thanks to assumptions on colli-
sional time scales and self-absorption, the obtained values may be
connected to ground-state values. Actually, for pressures larger than
a fewhundred pascals, the translation temperature is oftenvery repre-
sentative of the rotational distribution of molecular excited states.
Thevibrational temperature is also generally supposed to be the same
whatever the considered state of a same species. However, the
coupling of the vibration with a possible electronic temperature
should be questioned.

Experiments can be carried out either by recording the radiation
coming from the whole space around the shock front or by tempo-
rally following the radiation emitted from a small fixed volume
crossed by the shock wave. The evolutions derived from both meth-
ods may be easily compared. Within this study, time-resolved
emission spectroscopy was used in near-ultraviolet and visible
ranges and the results behind the shock wave are presented as
temporal profiles.

A Jobin–Yvon HR640 monochromator was used with a
1200 lines=mm grating suitable for measurements from 370 to
560 nm (Fig. 2). The entrance slit was fixed at 200 �m to get an
acceptable signal-to-noise ratio and a sufficient spectral resolution.
The latter also depends on the size on the charged coupled device’s
(CCD) pixels. On all the spectra extracted, the spectral resolution
is equal to 0.5 nm, which allows the vibrational bands to be
distinguished. A time-spectral image is provided by coupling a streak
unit (Hamamatsu M1953) with the monochromator used as a flat
field spectrograph. The resulting light dispersion was recorded on a
CCD array (Hamamatsu C1587). An example of the recording is
shown in Fig. 3.

To obtain both a temporal resolution that captures the
nonequilibrium part of the radiation behind the shock front and a
good signal-to-noise ratio, the light was collected through a 500 �m
vertical slit located just behind the fused-silica windows of the shock
tube. That slit was also used to avoid unexpected reflected light. Two
time ranges were used within this study, 20 and 200 �s, corre-
sponding to temporal resolution equal to 0.3 and 1:5 �s,

respectively. To reduce the background noise and avoid the fatigue
phenomenon, the CCD detector was active only during the
acquisition time.

The optical collection setup was composed by two achromatic
doublets that allowed a large depth of field on a wide range of
wavelengths. Unfortunately, that setup prevented some measure-
ments to be carried out for wavelengths lower than 370 nm. The setup
remained unchanged during the calibration process and was
calibrated by using a tungsten halogen lamp (Heraeus LSB021)
working with a current intensity equal to 6.6 A. This lamp had been
itself calibrated by the manufacturer against two lamps certified
by the National Physical Laboratory in Great Britain and the
Physikalisch-Technische Bundesanstalt in Germany, respectively.
Some calculations (described in [12]) were carried out to identify the
volume of collection. Moreover, several acquisitions with the
tungsten lampwere performed along the optical path to validate those
calculations. Because of the difference in spectral radiances between
the calibration lamp and the plasma, different time ranges and

Fig. 2 Time-resolved emission spectroscopy optical setup.

Fig. 3 Time-spectral image of CN violet �v� 0 and �1. The

wavelength range is 383–391 nm and the time gate width is 20 �s.

Fig. 1 TCM2 shock-tube geometry and characteristics.
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amplification factors were used. The corresponding corrections were
determined experimentally. Finally, the light received by each pixel
of the CCD array during a test was calibrated and the value was
introduced in postprocessing to derive temporal and spectral profiles.
Considering each specific uncertainty in the calibration process, the
total uncertainty on the calibration process has been estimated to be
�19%.

E. Optical Measurements in a Moving Shock Tube: Reproducibility

TCM2 was built as a wind tunnel and the first measurements were
carried out above a model at the exit of a nozzle [19]. The Stalker
system generates a recoil of the facility that induces a displacement of
the shock tube during the tests. During previous experiments, light
used to be collected through a fiber optics that was strongly connect-
ed with the tube and moved with it. However, past experiments [12]
showed that the amount of collected light in the same initial condi-
tions varied from one run to another. Thus, fiber optics presented two
main issues to be addressed: reproducibility of the run and light loss
by absorption on a long path.

Then investigations were carried out to monitor the displacement
timing of the shock tube and to locate the optical axis when the shock
wave passed in front of the windows. Those runs highlighted that
the recoil of the tube was not very sensitive to the initial pressure
inside. Furthermore, the total recoil of the tube had a very high repro-
ducibility for runs with similar high-pressure chamber and driver
tube conditions.

By exposing a classic digital camera to the light emitted behind the
shock wave, the position of the shock tubewhen the shock wavewas
in front of the center of the windows was determined with an accu-
racy of lower than 1 mm. The reproducibility was excellent. It was
then possible to predict the position of the shock tube at the measure-
ment time and then to set the position of the tube before the run out of
the optical axis.Within this study, whatever the gas test and the initial
conditions, the shock-tube position was set 32.5 mm ahead of the
optical axis. The position of the tube at the end of the experiments
was observed to be between 8 and 10 mm ahead of the optical axis
(the tube moves forward, then goes back during a run).

No experiment was performed with either the fiber optics setup or
the new setup, but comparisons between similar experiments allowed
an increase close to 400% in terms of intensity to be estimated.
Previous estimates [12] showed that run-to-run variations with the
fiber optics setup were about 25%. The tests made within this study
are close to each other: for the total amount of light collected as well
as for the time and spectral evolutions, the run-to-run variations are
lower than 5%. For example, Fig. 4 presents the time and spectral
absolute profiles of C2 Swan emission for two experiments in close
conditions. To evaluate the reproducibility, five successive runs were
carried out with those conditions. The two sets of plots in Fig. 4
represent the two most different results. Considering the uncertainty

on calibration and the shot-to-shot reproducibility, it can be con-
sidered that the absolute intensities are known as near as�23%.

F. Postprocessing and Spectral Calculations

Time-spectral images were numerically processed to extract spec-
tra at different moments behind the shock front on the one hand, and
temporal profiles of vibrational manifolds or individual bands on the
other hand. The code sums the intensity received by each pixel over
several lines and smooths the time (respectively, spectral) evolutions
obtained with regard to the time (respectively, spectral) resolutions.
Taking into account those resolutions and convolution functions, it
was also possible to deconvolute the extracted temporal profiles to
obtain some results directly comparable with chemical kinetic
calculations. Experimental and calculated spectra were then com-
pared to estimate free parameters of the calculations (temperatures
and densities). The calculated spectra are produced by a spectral
simulation code called PASTIS [20]. Spectroscopic parameters for
the CN violet system and C2 Swan bands can be found in [12].
Derivation of temperatures and densities was carried out by a least
mean square method. A multistep accuracy approach was used to
avoid multiple solutions when several free parameters were used
and to increase the accuracy as well as the calculation time. In this
method, best parameters were determined with an accuracy that
increases with iterations.

III. Results for CN: CO–N2 Mixture

A. Self-Absorption

Radiative calculations carried out in optically thick conditions
suggest that the CN mole fraction significantly influences both the
absolute intensity and relative shape of the spectrum. The com-
parison between experimental spectra and calculations in optically
thin conditions confirms that self-absorption plays a determining role
in CN radiation.

Moreover, self-absorption allows access to the CN ground-state
density. The absolute intensity and relative shape of the CN violet
three main manifolds are actually very sensitive to the CN density in
the case of an emission along a homogeneous media 70 mm long
(internal diameter of the shock tube). For example, Fig. 5a shows
their evolution for three different molar fractions at a fixed pressure
and equilibrium temperature (6400 K). An increase of the CN molar
fraction by a factor of 10 (0.15–1.5%) induces an increase of the
�v��1 vibrational manifold (417 nm) total radiance by a factor
equal to 7.5, suggesting a low self-absorption. On the other hand, the
�v� 0 vibrational manifold (390 nm) total radiance only increases
by a factor of close to 3, which suggests a significant self-absorption.
When the CNmolar fraction ismultiplied by 10 again (1.5–15%), the
total radiance increases are equal to 3.2 and 1.8 for �v��1 and
�v� 0 vibrational manifolds, respectively. The evolution of the

Fig. 4 Absolute radiative emission (C2 Swan �v� 0) for two runs in similar conditions (moderate pressure): a) time, and b) wavelength.
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ratio between both vibrational manifolds is clearly visible by
normalizing the previous spectrum (Fig. 5b).

Further data can be obtained from the study of the CN violet
spectrum when self-absorption is sufficient. Actually, this spectrum
is also very sensitive to the vibrational temperature as shown in
Fig. 6a, which presents the normalized spectrum of the CN violet
main manifolds for a fixed CNmole fraction equal to 1.5% and three
different vibrational temperatures (the electronic temperature is kept
equal to 6400 K). The vibrational temperature here is supposed to be
the same for both the B2�� excited state and X2�� ground state.
This hypothesis is validated by the good correlation between the
measured vibrational temperatures of the excited states and the elec-
tronic temperature. Some calculations carried out with the electronic
temperature as a free parameter proved that better agreement with the
experiments was achieved when it was quite equal to the vibrational
temperature.

There is a clear influence of the vibrational temperature on the
shape of the �v��1 vibrational manifold even at low resolution.
Notice, moreover, that the intensity of the�v��1vibrationalman-
ifold (355 nm) is also very sensitive to the vibrational temperature
because it does not imply the vibrational ground state of the B2��

electronic state. Unfortunately, that manifold was not captured
because of the limitations of the optical setup.

As an illustration, some calculations were carried out to reproduce
CN experimental spectra obtained by Lee et al. [16] and Anokhin
et al. [14]. The comparison between a calculated spectrum and the

relative values of the peaks of the vibrational manifolds obtained by
both groups of authors is plotted in Fig. 6b (the normalization has
been done on the peak of the�v� 0 vibrational manifold). Relative
intensities are correctly reproduced in both cases using vibrational
and electronic temperatures (2800 K) much lower than the equilib-
rium temperature (6100 K). Such a departure had been already
observed in experiments at the TCM2 facility [13]. Nevertheless, the
experimentalCN spectrumpresented in [16] does not agreewith such
a low vibrational temperature, suggesting a difference between the
vibrational and electronic temperatures (those temperatures are con-
sidered to be equal in our calculations).

Therefore, self-absorption must be taken into account in such
conditions. It is a powerful tool to get more data from emission
measurements in shock tubes because it makes spectra much more
sensitive to parameters such as vibrational temperature and, of
course, ground-state density. In our analyses, we assumed that
densities are constant along the optical path, which involves neglect-
ing the boundary layer on thewall of the tube. This assumption has to
be addressed by computational fluid dynamics, but good agreement
between experimental and calculated values at equilibrium for most
cases suggests that the influence of the boundary layer is weak.

B. Experimental Results

We chose to work under low spectral resolution (0.5 nm) to limit
the number of tests and to be able to capture the near-ultraviolet and
visible spectrum from 370 to 540 nmwith three runs. As expected in

Fig. 5 Effect of self-absorption. Evolution of CN violet spectrum with CN mole fraction: a) absolute, and b) relative. The equilibrium temperature is

Teq � 6400 K.

Fig. 6 Effect of self-absorption: a) evolution of CN violet spectrum with the vibrational temperature, and b) comparison between our calculation and

results from Lee et al. [16] and Anokhin et al. [14].
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that spectral range, the CN violet system and C2 Swan bands clearly
dominate the spectrum (Fig. 7). Attempts to point out a measurable
emission from the CO Angström system or CO triplet systems
(triplet, Asundi, Herman) remained unsuccessful.

All the experimental spectra were compared with calculations
(PASTIS code) to estimate the internal mode temperatures. A
comparison between an equilibrium spectrum corresponding to the
moderate-pressure condition and a calculation is shown in Fig. 7. The
good agreement corresponds to an equilibrium temperature Teq �
6400� 400 K and to the following molar fractions, XCN � 8:4�
0:5 � 10�3, XC2 � 3:7� 0:3 � 10�4, and XCO � 0:43, with a
postshock pressure equal to 1:26 � 105 Pa. The CO mole fraction
and the postshock pressure are calculated values at equilibrium.

Considering the diameter of the shock tube (70 mm) as well as the
initial test gas pressure, the shock front duration may be estimated as
close to 0:13 �s for an initial pressure equal to 320 Pa and close to
0:3 �s for an initial pressure equal to 45 Pa. In the latter case,
experimental spectra are averaged over 0:3 �s in the nonequilibrium
part and over 1 �s in the equilibrium part. Comparisons between
these spectra and the calculated ones allow the temporal profile ofCN
molar fractions and temperatures to be drawn. Figure 8 presents these
experimental temporal profiles for the low-pressure conditions,
wherein each point was obtained by the simulation of the average
experimental spectra. It is assumed that the electronic temperature is
equal to the vibrational temperature. In the first microseconds after
the shock front, the electronic and rotational temperatures can be
distinguished with an increase of the first one and a decrease of the
second one. The average uncertainty on the temperatures is about
1000Kbut it rises up to 1500K in thefirstmicrosecond. The absolute

uncertainty on the CN molar fraction is mainly connected to the
uncertainty on the temperatures. Considering the sensitivity of the
method, it is estimated to be not less than �10�2 for the four first
points and�5 � 10�3 up to 7 �s. When equilibrium is reached, the
uncertainty is then much better and is close to 5 � 10�4.

However, those original results include a temporal convolution. In
that case, the convolution function can be classed as a Gaussian
function with a full width at half-maximum equal to 1:5 �s. The
Gaussian shape was determined by using the scattering of a 10 ns
pulsed laser. Assuming that the spectral distribution is independent
of the temporal convolution, it is easy to rescale the plot of Fig. 8
to obtain evolutions that are directly comparable with kinetic
calculations. The result is shown in Fig. 9, which presents the CN
molar fraction and temperature temporal profiles along with the
theoretical results that will be detailed in Sec. III.C.

Figures 10a and 10b present the deconvoluted temporal profiles of
the radiative flux for, respectively, the low- and moderate-pressure
conditions. For this last condition, no CN density temporal profile
was obtained because of the briefness of the nonequilibrium part,
which did not allow a satisfactory signal-to-noise ratio for averaged
spectra over 0:13 �s. A comparison of time scales of Figs. 9a and 10a
shows that the radiative peak occurs at t� 0:23 �s, whereas the
molar fraction peak occurs at about t� 0:35 s. Moreover, both
evolutions are not obviously correlated by the electronic temperature
that decreases to reach 8000 K (the equilibrium temperature) when
the molar fraction is maximum. The electronic temperature maxi-
mumoccurs at about t� 0:13 �s and is 12,000K (Fig. 9b). It should
be remembered that the time scale origin is not the shock front time,
which is not captured. Although the radiative flux is much more
sensitive to the electronic temperature than to the CNmole fraction in
the case of an excitation by collision from the ground state, an
independent kinetics directly yielding the CN�B2��� state can not
be excluded.

The same analysis was attempted on C2 Swan spectra but the
results were not satisfying, mainly because of the weak self-
absorption by those transitions. No distinction is observable between
the excitation and rotational temperatures. The temperature decrease
behind the shock front is clear butwith a very large uncertainty on the
temperature in the nonequilibrium part. Otherwise, the equilibrium
temperature is also found to be equal to 8000 K.

C. Comparison with Chemical Kinetic and Radiative Calculations

The chemical kinetic calculation was initialized using the perfect
gas shock jump conditions (Rankine–Hugoniot equations) and
assuming that the thermochemical state of the gas is frozen
through the shock. From these new values of pressure, temperature,
density, and velocity of the mixture just behind the shock, the
downstream flowfield was then computed by temporally solving
the one-dimensional Euler equations. The calculation used a two-
temperature model in which the electronic excitation is in equi-
libriumwith vibration on the one hand and translation in equilibrium
with rotation on the other hand. A detailed description of the
implemented physical models is given in [13]. Different chemical
models were tested by Park et al. [21], Gökçen [22], and Lee et al.
[16], and are hereafter referred to as Park, Gökçen, and Lee for
simplicity. The outputs of the chemical kinetic code (temperatures
and densities) were then used as inputs for the radiation code PASTIS
to derive temporal profiles of the radiative flux.

Equilibrium calculations are in very good agreement with experi-
ments, as shown in Figs. 7 and 11. Unfortunately, the equilibrium is
not reached experimentally for the low-pressure condition because of
the arrival of the contact surface. Conversely, none of the three
models is able to correctly describe the CN violet emission in the
nonequilibrium part just behind the shock front. Several reasons can
explain such differences: inconvenient chemical kinetics constants
(however well-reproduced CN density and temperatures), a bad
description of postshock conditions by the Rankine–Hugoniot
conservation equations, or an inconvenient physical model. The
Park model yields the highest radiative flux, whereas the Gökçen
model gives the lowest one. For the moderate-pressure condition,

Fig. 7 Near-ultraviolet and visible experimental and calculated spectra

at equilibrium for the moderate-pressure condition.

Fig. 8 Evolution of CN mole fraction and temperatures behind the
shock front. The experimental conditions are vs � 6:9 km=s, pi � 46 Pa,
and ps � 2:2 � 104 Pa. The initial mixture is 70% CO and 30% N2.
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calculations overestimate the radiative flux by a ratio that varies from
2.0 (Gökçen) to 2.5 (Park). For the low-pressure condition, calcu-
lations underestimate the radiative flux by a ratio that varies from 1.2
(Park) to 1.4 (Gökçen).

Those differences between the two-temperature calculations and
experimental results are not always observed. For example, calcu-
lations carried out to reproduce results fromGrinstead et al. [10] with
a lower pressure (13.3 Pa) and a higher velocity (8:5 km=s) provided
a better agreement with experiments [23] whatever the chemical
model.

Moreover, the experimental deconvoluted temporal profiles
obtained within this work were compared with the direct results of
the chemical kinetic calculations. The calculations were carried out
with the Gökçen chemical model but also with the same model with
a modification of the reaction rate constant A of the dissociation
reactionC2 �M! C� C�M (M being any collider) as proposed
by Lee et al. [16].

The forward reaction rate kf is written using an Arrhenius form:

kf � ATna exp��Td=Ta�

where Ta is the geometrical average of kinetic and vibrational
temperatures, n is equal to 0, and the activation temperature Td is
equal to 71,600K. This valuewas derived from the activation energy
measured by Kruse and Roth [24] and is equal to 6:2� 0:2 eV.
Gökçen proposed that a reaction rate constant A is equal to 2:49 �
10�14 m3=s [22], whereas Lee et al. fixed it at 1:25 � 10�13 m3=s

[16]. This reaction is crucial for CN formation because it feeds the
neutral exchange reaction N2 � C! CN� N as well as the three-
body recombination C� N�M! CN�M. The comparisons
between the deconvoluted data and calculations are shown in Figs. 9a
and 9b. Experiments and calculations are in rather good agreement
for temperatures (Fig. 9b), especially when the rotational and elec-
tronic temperatures are close. There are very fewdifferences between
both calculations and only the calculation with the constant given by
Gökçen is plotted. The equilibrium temperature with the constant
proposed by Lee et al. is about 500 K lower (the difference should be
ascribed to theway the nonequilibrium rates are deduced through the
microreversibility). Of course, the calculation of the CN density evo-
lution is more sensitive to that reaction constant (Fig. 9a). The peak
density is quite similar for the experiment and calculations, whereas
the CN density decrease is faster experimentally than theoretically.
However, the new reaction rate proposed by Lee et al. seems to
improve the prediction of CN temporal profiles. These conclusions
make sense within the limitations of the mentioned uncertainties on
experimental temperatures and densities.

Anyway, in spite of selective successes, two-temperature models
do not prove to be convenient to reproduce the nonequilibrium
radiation of CN in all cases. Conversely, they seem to be sufficient for
chemical kinetics predictions because they correctly reproduce tem-
peratures and densities. The way the CN�B2���) state is produced
then has to be addressed and, more generally, the kinetics of elec-
tronic excited states has to be taken into account to get accurate
predictions of nonequilibrium radiative heat flux. Acquisition with a

Fig. 9 Deconvoluted temporal profiles for the low-pressure condition: a) CN molar fraction, and b) temperatures.

Fig. 10 Deconvoluted temporal profiles: a) low-pressure conditions, and b) moderate-pressure conditions. Note that temporal resolutions and time

scales are not the same.
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better temporal resolution should bring more accurate data about the
nonequilibrium radiative flux.

IV. Results for C2: CO–N2 and CO2–N2

Mixtures and Pure CO2

To get some data about the influence of the mixture composition
on the radiativeflux, further experimentswere carried out for the low-
pressure condition. The purpose was to point out what the influence
of CO2 dissociation is on the radiative flux. Two other compositions
were tested: 70%CO2–30%N2 and pureCO2. Because comparisons
could not be made about the CN radiation (there is no CN radiation
from a pure CO2 plasma), the C2 Swan �v��1 (460–475 nm)
manifold was recorded for both new mixture compositions and
compared with results obtained for CO–N2. Similar measurements
made on theC2 Swan�v� 0 (480–540 nm)manifold confirmed the
following results.

The relaxation of C2 emission behind the shock wave is expected
to be different with regard to the postshock conditions, the temper-
ature evolutions, and the composition. Indeed, the dissociation of
carbon dioxide produces a significant amount of oxygen atoms that
are not present in such a high concentration in plasmas produced
from COmixtures. Atomic oxygen is expected to efficiently destroy
C2 through the reaction C2 � O! CO� C. That reaction should
lead to a faster decrease of C2 emission in plasmas produced from
CO2 mixtures. As mentioned earlier, simple two-temperature cal-
culations were also carried out to predict density and temperature
temporal profiles. The results were taken as input in the radiation
code PASTIS, and the calculated emission temporal profile for the
three mixtures are presented in Fig. 12 with a normalized scale.

The plot in Fig. 12 clearly shows that C2 relaxation is much faster
for the CO2 mixtures than for the CO mixture, for which the char-
acteristic relaxation time is about 1 �s versus 0:1 �s for pure CO2.
Figure 13b shows the same calculations as in Fig. 12 but includes a
convolution that takes into account the temporal resolution (1:5 �s).
These simulations may now be compared with the experimental
temporal profiles in Fig. 13a. Because of the low temporal resolution,
only qualitative conclusions can be drawn from Figs. 13a and 13b.
The comparison of characteristic times shows that experimental ones
are lower than calculated ones and even much lower in the case of
pure CO2. The calculation does not take into account the specific
quenching of excited electronic states. The difference may also be
ascribed to incorrect rate coefficients in the model in the case of a
production of the excited state by collisional excitation from the
ground state. Nevertheless, as the experimental evolutions represent
those of the C2 excited electronic state d3�g and not of the C2 total
density, the difference must rather be sought in a specific kinetics of
the C2 excited electronic state d

3�g.

As shown in Fig. 14a,C2 radiation is one order ofmagnitude lower
forCO2 mixtures than for the COmixture. This is an expected result:
a significant part of the shock energy being used inCO2 dissociation,
atoms and radicals responsible for C2 formation are present in lower
concentration in the plasma. In the same way, C2 Swan emission is
slightly higher for pureCO2 than for a mixture containing 70%CO2.
The calculations presented in the preceding paragraph are also
presented in Fig. 14b with an absolute logarithmic scale. A com-
parison between Figs. 14a and 14b shows that, in all cases, experi-
mental values are about four times higher than calculated ones,
including for longer times (even if equilibrium is not reached during
the experiment, the value of the radiative flux can be estimated to be
higher than that predicted). Using different sets of reaction rates, the
ratio varies from 2.5 (Park) to 5 (Gökçen). The difference may be
clearly ascribed to the reactions included in the model that lead only
to the formation of C2 in its ground state, followed by collisional
excitation to the upper state of the C2 Swan system at a temperature
fixed to a common vibrational temperature. The recorded emission
from C2 is rather a chemiluminescence, which means that C2 is
directly produced in the electronic excited state.

This is a critical limitation of two-temperature and multi-
temperature models: they are not able to correctly deal with the
kinetics of excited states. Some evolutionswere recently proposed by
taking into account precursor phenomena and using an improved
translation–vibration exchange model [25]. Some others authors
proposed an independent calculation of the electronic excitation

Fig. 11 Experimental temporal profiles ofCNviolet emission: a) low-pressure conditions, andb)moderate-pressure conditions. In both cases, the initial

mixture is 70% CO and 30% N2. The spectral radiances were integrated over the range of 370–430 nm.

Fig. 12 Calculation of the temporal profile of C2 Swan �v��1
normalized emission for three different mixtures and similar pressure

and shock velocity conditions. The spectral radiances were integrated

over the range of 460–475 nm.
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with, moreover, a loose coupling of radiation, chemistry, and
flowfield [26]. Those new models bring important improvements in
the comparison between shock-tube experiments and calculated
results. For example, the delay appearing in electronic temperature
evolutions with regard to vibrational temperature evolutions [26]
leads to a CN radiativeflux density closer to experimental results and
should allow one to conclude whether the CN�B2��� state is
produced by collisional excitation from the ground state or through
the chemistry. However, the simple shock-tube geometry should
encourage the development of an electronic state-to-state model that
could be validated with a reasonable computation time cost.

V. Conclusions

Experimental results concerning the radiation behind a strong
shock wave in Martian-like mixtures are presented. They were
obtained in a moving shock tube using an original afocal optical
setup without using any fiber optics. This system allows an increase
in the amount of collected light and a drastic improvement in the
reproducibility. Time-spectral images of theCNviolet radiationwere
postprocessed to derive radiative flux temporal profiles. The com-
parison of those evolutions with the results of a radiation code taking
into account self-absorption provided the temperature and molar
fraction temporal profiles. The determination of density evolutions is
a great step that could be improved with a better temporal resolution

of the acquisition channel. It should be possible to get a resolution
close to the limit imposed by the shock front curvature. Such an
improvement should go with an accurate determination of the shock
time that could give the incubation times of excited CN and C2

formation. Those values are of a great interest for the validation of
chemical and physical models. The comparison of the results
obtained with different mixtures shows that the dissociation of
carbon dioxide significantly influences the C2 radiative flux as well
as the relaxation of C2 emission because of released atomic oxygen.
More experiments with various amount ofCO2 and perhapsmixtures
of CO2 and CO should bring complementary data on CO2

dissociation, especially if CO vibrational excitation is tracked.
Following the way opened by the recent measurements at the NASA
AmesResearchCenter, vacuumultraviolet radiation, especially from
the fourth positive system of CO, has to be addressed.

A general comparison of experiments with a simple two-
temperature calculation proves that experiments need more complex
modelling, such as a collisional-radiative model to be correctly
rebuilt in the nonequilibrium phase. If it gives very important and
direct information on the energy load of a space vehicle during a
Martian entry, the measurement of the radiative flux is an indirect
way to study chemical kinetics processes. Many questions remain
on chemical reaction modeling, especially on dissociation and more
especially on carbon dioxide dissociation. The issue of excited
state formation should also be addressed, and measurements of

Fig. 13 Temporal profile of C2 Swan �v��1 normalized emission for three different mixtures and similar pressure and shock velocity conditions:
a) experimental, and b) calculated then convoluted.

Fig. 14 Temporal profile of C2 Swan �v��1 absolute emission for three different mixtures and similar pressure and shock velocity conditions:
a) experimental, and b) calculated then convoluted.
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ground-state densities as well as excited-state densities will help to
reach that purpose. When possible, the use of self-absorption is
shown to be a good opportunity. Nevertheless, the validation of
existing models needs more experimental data, especially in shock
tubes. Other experimental techniques such as diode-laser absorption
spectroscopy and laser-induced fluorescence should be more widely
used in the future.
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