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Next main projects in planet Mars exploration (Mars Sample Return Orbiter and human space 
flight) will require high velocity entry (over 6 km/s) in an atmosphere composed mainly of 
carbon dioxide (about 96 to 97%) and nitrogen (about 2 to 3%). Such a hypersonic velocity 
induce a strong shock wave in front of spacecraft nose where the kinetic temperature is above 
10000 K and where the pressure increase of three orders of magnitude. 
In such a situation, the atmospheric gas is excited, dissociated and ionized and chemical 
reactions give birth to free radicals such as CN and C2. The radiation generated by those radicals 
and also by molecules is especially strong in three wavelength ranges: far ultraviolet (VUV) 
because of the atomic resonance lines and the fourth positive system of CO; the near-ultraviolet 
and visible region with CN and C2 de-excitation and CO radiation towards the metastable state; 
infrared because of the rovibrational radiation of CO and CO2 (on the edges and the back of the 
spacecraft where recombination is important). 

CN and C2 radiation has been studied in the range 370-560 nm by time-resolved 
emission spectroscopy using a streak unit coupled with a spectrograph and a CCD camera. The 
experiments have been carried out à IUSTI laboratory of the University of Provence on TCM2 
shock tube in which high pressure condition are obtained by helium compression by a piston. 
This facility allows reproducing the conditions met during an atmospheric entry but with an 
experimental duration lower than 30 µs. In spite of the recoil of the tube during the experimental 
process, light collection has been made without fiber optics but with two achromatic doublets. 
This original optical set-up on a moving tube increases dramatically the amount of collected 
light as well as the run-to-run reproducibility. 

The understanding of physical and chemical processes occurring in such an 
experimental configuration needs to study two main aspects: carbon dioxide dissociation and 
recombination as well as CO vibrational energy storage on the one hand, and excitation of 
radiative molecules and radicals i.e. CO, CN and C2. In order to separate those two aspects, we 
chose to carry out some experiments in a CO:N2 mixtures with a corresponding dilution ratio of 
70:30. Nevertheless, complementary results have also been obtained with a CO2:N2 mixture and 
in pure CO2. 

Two test conditions have been retained : the first one with an initial pressure of 320 Pa 
(2,4 Torr) and velocities equal to 6.2 km/s (CO:N2), 6.0 km/s (CO2:N2) and 5.9 km/s (CO2), and 
the second one with an initial pressure of 45 Pa (0.34 Torr) and velocities equal to 6,9 km/s 
(CO:N2), 6,85 km/s (CO2:N2 and CO2). 

The first result draft has been to show the non-equilibrium behaviour of CN and C2 
emission. As expected, the lower the initial pressure, the stronger the non-equilibrium 
behaviour. 
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Fig. 1 Spectra of CN and C2 emissions 2 µs behind 
the shock wave. 

Fig. 2 Time evolution of CN and C2 emissions. 

 
 
A calibration of the time-spectral picture in terms of absolute radiance was realized 

thanks to a tungsten-ribbon lamp at three representative wavelengths: 400, 460 and 525 nm. 
Absolute measurements are very useful because they give directly the value of the emission rate 
in the shock layer. A radiative transfer calculation is then able to give the value of the radiative 
flux heating the spacecraft shield. Moreover, in the frame of spectral analysis, those absolute 
measurements help to obtain excitation temperature and ground state density evolution behind 
the shock wave. Towards this purpose, they should be connected with intensity ratio on the 
spectra (ratio of vibrational manifold intensities or vibrational bands intensities if the spectral 
resolution is high enough) and compared with the results of a radiative code named PASTIS 
which takes into account self-absorption. Vibrational and rotational temperature evolution may 
also be extracted from the spectra but with various uncertainties. 

Within the experiments carried out in this study, spectral resolution was 0.5 nm and 
time resolution was 0.1 µs or 1 µs depending on the tests. Thermal equilibrium is generally 
assumed to be reached quickly in such conditions. Averaged spectra obtained in 1-µs long time 
windows confirm this result. 

Experimental results were compared with numerical calculation by a multi-temperature 
code showing a good agreement for equilibrium values of CN ground state densities, CN 
emission intensity and temperatures. Conversely, differences appear in the non-equilibrium part 
especially at low pressure for the previously cited parameters and for C2 emission intensity also 
when apparent equilibrium is reached. 

Even if it remains much lower than CN one, C2 Swan band radiation show a very large 
non-equilibrium between its upper state (d3

Π) and its lower state (a3
Π). Moreover, the 

population density of the lower state seems to be lower than the value given by the calculation 
at equilibrium. That non-equilibrium persists as long as the end of the experiment (due to the 
cold driver gas arrival i.e. 15 to 30 µs) and can not be explained by a different excitation 
temperature. The ratio between predicted equilibrium radiation and experimental radiation leads 
indeed to an unrealistic value of a supposed excitation temperature. 

A similar observation has been made by the authors in mixtures reproducing Titan 
atmosphere (CH4-N2 mixtures) but not in the same proportions. So, C2 radiation is not the result 
of a classical excitation from the lower state but is induced by chemistry: C2 molecules are 
directly produced on an excited level to give birth to chemiluminescence. 
 


