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Shock layer radiation from atomic lines can represent the main source of radiation in the 

afterbody region of a space capsule during Earth entry. Studying the kinetics of excited 

states of atomic nitrogen is therefore important to correctly predict its corresponding 

radiation. The CentraleSupelec plasma torch facility provides a stable equilibrium plasma 

and can be used to study plasma kinetics and radiation in a controlled environment. 

Previous experiments were performed to supply measurements of excited states of 

molecular nitrogen in a nonequilibrium recombining flow. We extend these measurements 

to atomic lines to get measurement of excited states of atomic nitrogen. We performed 

optical emission spectroscopy from VUV to NIR and obtain measurements of atomic 

nitrogen states above 10eV. The VUV region allow access to low energy states of nitrogen. 

A departure from Boltzmann distribution is observed for the high excited states and their 

densities tend to be equal to the Saha-Boltzmann distribution. This was previously 

predicted and is experimentally observed in this paper. These results may be used to 

validate kinetic codes. 

 

 

I. Introduction 

The prediction of the radiation from the shock layer that forms in front of a space capsule during 

atmospheric entry is required for the design of thermal protection systems [1] [2]. Depending on the 

entry conditions (atmosphere, velocity…) the radiation may be dominated by molecular bands or 

atomic lines. For a Mars entry scenario, the radiation from atomic lines is expected to be insignificant 

(< 3% of the total radiation) [3]. However, for an Earth entry, atomic lines can be the most significant 

source of radiation [4] [5]. Efforts have been made to couple a CFD code with radiative solvers to 

correctly predict the total heat flux on the capsule mainly in the forebody region [6].  

In the afterbody region, the plasma can depart from equilibrium owing to the hydrodynamic expansion 

incurred while flowing from the forebody to the afterbody. This expansion forces quick plasma 

recombination and departure from chemical equilibrium. The resulting nonequilibrium radiation is not 

well modeled at the moment [2] [7]. In particular, the uncertainty on the radiation heat flux can be up 

to 200% for a Mars reentry scenario. Recent results showed that the atomic lines, just as for the 

forebody, are also the main source of radiation in the afterbody for Earth entry [7], specifically in the 

VUV region. In order to reduce these uncertainties, experimental data for recombining flows are 

needed to test the predictions of kinetic and CFD models regarding atomic species production and 

subsequent radiation. 

In a previous publication [8], we presented measurements made in a recombining nitrogen plasma. We 

measured the temperature profile of the plasma and the resulting molecular radiation. The plasma was 

found to be in nonequilibrium with an overpopulation of atomic nitrogen and excited states of 

molecular nitrogen. These overpopulations led to nonequilibrium radiation that was found to be up to 

106 times higher than the equilibrium radiation in the visible region. Here we extend the measurements 

to the atomic nitrogen radiation to get the population of excited states of atomic nitrogen using optical 

emission spectroscopy from the vacuum ultraviolet (VUV) to near infrared regions. In the following 

sections, the temperature profiles of the plasma will be taken from the previous publication [8]. 
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II. Experimental setup 

The plasma torch facility is a TAFA Model 66 inductively coupled plasma (ICP) torch powered by a 

120 kVA radio frequency LEPEL Model T-50-3 power supply. The power supply operates at 4 MHz 

and can supply a maximum of 12 kV DC and 7.5 A to the oscillator plates. Details of the plasma torch 

facility are provided in previous publications [9] [10] [11]. The plasma produced within the torch exits 

through a 1-cm diameter nozzle at a speed around 700 m/s in the center. The plasma studied here is 

comprised of 90 slpm of N2 premixed with 50 slpm of argon to provide stable operating conditions for 

the torch. A water-cooled tube made of brass is mounted on top of the plasma torch. Two tubes of 

length 10 and 15 cm are used in the present work. Emission spectroscopy measurements are performed 

at the entrance and exit of the modular tube. Instead of creating a strong expansion as with a reentering 

capsule, the plasma is instead forced to recombine by imposing rapid cooling via the cold wall 

(maintained at approximately 300 K). This setup is therefore intended as a simplified experimental 

model of a real atmospheric entry scenario. Details of the experimental setup are presented in figure 1.  
 

 
In the visible/ near infrared (NIR), Optical Emission Spectroscopy (OES) was performed with the 

setup presented in Figure 2. The spectrometer is an Acton Instrument 2500i with 1200 gr/mm gratings. 

We measured spectra from 400 to 900 nm. All spectra were calibrated from pixel counts to absolute 

intensity using an Optronics Laboratories tungsten lamp (model OL550) and were Abel-inverted to get 

spatially resolved local plasma emission. We used several atomic nitrogen lines to get a measurement 

of the absolute density of the emitting levels. Note that under our conditions the plasma is optically 

thin in the observed wavelength range. The spectroscopic constants for the observed atomic lines are 

summarized in Table 1. We performed measurements at three different axial positions: 0, 10 and 

15cm. 

 
Figure 2: Experimental setup for emission spectroscopy 

Figure 1: Water-cooled test-section mounted 

on the top of the plasma torch 
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Table 1: Spectroscopic constants for the observed atomic lines of nitrogen. Data taken from the 

NIST database. 

 

 

 

In addition to the measurements in the visible, we measured atomic lines of nitrogen around 174 nm 

using a vacuum ultraviolet (VUV) McPherson (Model 218) spectrometer. The setup is detailed in Fig. 

3. The grating has 2400 grooves/mm and is blazed at 150 nm. The system is vacuumed using a 

roughing pump and a turbopump (80L /s pumping speed). The pressure is about 5𝑥10−5 Torr in the 

system for all tests. The spectra are calibrated using an argon mini-arc of radiance traceable to NIST 

standards [12]. Note that in the VUV the plasma is no longer optically thin. Therefore, we did not 

Abel-inverted the measured spectra. Instead we used the radiation code SPECAIR [13] [14] to analyze 

our measurements. This analysis will be detailed in the following section. 

 

 

Figure 3: Experimental setup for VUV emission spectroscopy 

 

III. Determination of the densities of atomic nitrogen excited states 

In the visible/NIR, we used the measured nitrogen atomic lines to determine the density of the 

emitting levels. In the considered range of wavelength, the plasma is optically thin and the measured 

integrated intensity I of the transition is related to the density of the upper level 𝑛𝑢 [11] through: 

𝐼 = 𝑛𝑢

𝐴𝑢𝑙

4𝜋
 (𝜖𝑢 − 𝜖𝑙) 

where 𝐴𝑢𝑙 is the Einstein coefficient, 𝜖𝑢 and 𝜖𝑙 are the energies of the upper and lower states of the 

considered transition, respectively. The measured transitions are listed in Table 1 with the relevant 

Wavelength (nm) ϵu(𝑐𝑚−1) gu ϵ𝑙(𝑐𝑚−1) Aul(107𝑠−1) 

746.83 96750.84 4 83364.62 1.96 

821.07 95493.69 4 83317.83 0.523 

821.63 95532.15 6 83364.62 2.26 

822.31 95475.31 2 83317.83 2.62 

859.4 97770.18 2 86137.35 2.09 

862.92 97805.84 4 86220.51 2.67 

871.17 94793.49 4 83317.83 1.26 
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spectroscopic constants. Note that the measured spectra are Abel-inverted to get volumetric emission 

of the plasma. 

In the VUV, the plasma is no longer optically thin, and this simple relation does not hold anymore. 

Instead, the measured intensity depends on the densities of both the lower (absorbing) and upper 

(emitting) states of the transition. Furthermore, the full radiative transport equation must be solved 

across the plasma profile. Without assumption, a single measurement of a transition cannot be used to 

get the population of both states in our conditions. The line broadening is dominated by the slit 

function of the spectrometer in our measurements. In order to determine the density of either the lower 

or upper state, the other one must be fixed via some appropriate assumption or a secondary 

measurement. We assume than the lower level of the transition, namely N(2P), is in equilibrium with 

the ground state at the measured temperature. This was indeed predicted for this configuration in Ref 

[7]. The density of the lower level nl of the transition is given by: 

nl

𝑔𝑙
=

𝑛0

𝑔0
exp (−

𝜖𝑙

𝑘𝐵𝑇
) 

where n0 is the density of the ground state of atomic nitrogen and where g and g0 represent the 

degeneracies, 𝜖𝑙 the energy of the considered level, 𝑘𝐵 the Boltzmann constant and T the plasma 

temperature. 

Note, furthermore, that the ground state of nitrogen was indirectly measured in a previous publication 

[8] and was found to be highly overpopulated compared to equilibrium conditions. We therefore 

impose that the density of the lower state of the transition is in equilibrium with the ground state 

density at the measured temperature. Given this and the measured line intensity, we then used 

SPECAIR to fit our spectra and determine the upper state density. For each axial position, we 

measured spectra at three different radial positions: r = 0, 1 and 2 mm. We assume that the radial 

profile of the upper state density of the transition follows a gaussian distribution – however, we 

impose no limitation on the mean and the standard deviation of this gaussian profile. This assumption 

is viewed as reasonable because all upper state densities measured in the visible/NIR spectral regions 

followed a gaussian distribution. Theoretical spectra were obtained with SPECAIR along the line of 

sight at the different radial positions. Then we estimated the cumulative errors between the computed 

spectra and the measured ones for each gaussian distribution. The minimum residual gives the best 

estimate of the population of the upper level. Comparison between the best fit and the measurements 

will be presented in the following section. 

IV. Results 

The plasma studied here is comprised of 90 slpm of nitrogen and 50 slpm of argon. In a previous 

publication [8], we showed that this plasma was in equilibrium at 0 cm and in nonequilibrium at 10 

and 15 cm. These same axial locations will be studied in this section, namely 0, 10 and 15 cm. The 

174 nm doublet of nitrogen was measured. The spectroscopic constants for this doublet are given in 

Table 2. 

Table 2: Spectroscopic constants for the 174 nm doublet. Data taken from the NIST database. 

 

 

Wavelength (nm) ϵu(𝑐𝑚−1) gu ϵ𝑙(𝑐𝑚−1) gl Aul(107𝑠−1) 

174.27 86220.510 4 28839.306 4 10.5 

174.525 86137.35 2 28838.92 2 8.35 
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0 cm 

At 0 cm, we previously showed that the visible/NIR emission spectrum was correctly predicted with 

an equilibrium simulation using SPECAIR [8]. The densities of the excited states of atomic nitrogen 

can then be found assuming a Boltzmann distribution at the measured temperature. 

In the VUV, we measure a spectrum at the center of the tube and compare it with the computed one 

using SPECAIR along the line of sight assuming the temperature profile previously measured. The 

results are presented in Fig 4. The good agreement once again supports that the plasma is in 

equilibrium at 0 cm. 

173,5 174,0 174,5 175,0

0,000

0,005

0,010

0,015

R
a
d
ia

n
c
e
 (

W
/c

m
2
/s

r/
n
m

)

Wavelength (nm

 Measured

 SPECAIR, equilibrium

 
Figure 4: Measured (black) and computed using SPECAIR (red) spectra at the inlet of the tube 

(x = 0 cm) at the center of the tube (r = 0 mm). 

 

10 cm 

At 10 cm, the plasma is no longer under equilibrium conditions, as shown in Ref. [8]. In the 

visible/NIR, we integrate the measured intensity of the transitions given in Table 1 to get a 

measurement of their corresponding upper state densities. 

In the VUV, we perform the procedure detailed in the previous section to get the best estimate of the 

density of the upper state of the transition. Note that the lower state was fixed to be in equilibrium with 

the ground state of atomic nitrogen at the measured temperature. The radial profile of the upper state 

and the corresponding measured and computed radial spectra at 0, 1 and 2 mm are presented in Figure 

5. The good agreement between computed and measured spectra gives us confidence in the density 

measurement of the upper level for r < 2mm. However, for r >2mm, due to the lack of measurement, 

the values suffer from large uncertainties and are reported here for informative purposes of the 

computed spectra. 
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Figure 5: a) radial density profile of the upper state of the measured transition at 10 cm. b) 

comparison between the computed spectrum using SPECAIR assuming the density profile given 

in a) and the measured one at three different radial positions (0, 1 and 2 mm). 

 

In recombining plasmas, the densities of the excited states 𝑛𝑢 close to the ionization limit often are in 

Saha-Boltzmann equilibrium with the electron/ion densities, and are given by: 

𝑛𝑢

𝑔𝑢
=

𝑛+𝑛𝑒

2𝑄+
(

ℎ2

2𝜋𝑘𝐵𝑇
)

3
2

exp (
𝜖𝑖𝑜𝑛 − 𝜖𝑢

𝑘𝐵𝑇
) 

where 𝑛+ is the density of atomic ions, 𝑛𝑒 the density of electrons, 𝑄+the partition function of the 

atomic ion, h the Planck constant and 𝜖𝑖𝑜𝑛 the ionization energy. Because the electrons/ions do not 

have time to recombine, the overpopulation of these species results in an overpopulation of the excited 

state density with respect to the Boltzmann distribution. 

In Fig 6, we plot both these distributions along with the measured densities of excited states of 

nitrogen measured in the VUV, visible and NIR. Note that for the Saha-Boltzmann distribution, the 

density of electrons was previously measured in Ref. [15] and was found to be equal to 6.4 10−13cm-3. 

The density of atomic ions was estimated assuming that the overpopulation of N+ was equal to the 

overpopulation of the electrons. The higher energy states of atomic nitrogen are highly overpopulated 
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as compared to their equilibrium values and tend to be above the Boltzmann distribution and closer to 

Saha-Boltzmann. This suggests that the high energy states of nitrogen tend to be at equilibrium with 

the electrons. 
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Figure 6: Measured population of ground and excited states of atomic nitrogen (black) at 10 cm. 

The Boltzmann (blue) and Saha Boltzmann (red) distributions are also plotted. 

 

15 cm 

At 15 cm we perform the same measurements as at 10 cm. The results are presented in Figure 7. We 

observe the same trend as at 10 cm. The higher energy levels of atomic nitrogen are highly 

overpopulated relative to the Boltzmann distribution at the measured temperature and tend to be closer 

to the Saha-Boltzmann distribution. 
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Figure 7: Measured population of ground and excited states of atomic nitrogen (black) at 15 cm. 

The Boltzmann (blue) and Saha Boltzmann (red) distributions are also plotted. 
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At both 10 and 15 cm, we observe a departure from the Boltzmann distribution for the densities of the 

high excited states of atomic nitrogen. The high energy states of nitrogen tend to be in equilibrium 

with the electrons as they are close to the Saha-Boltzmann distribution. This was previously 

experimentally observed and predicted in previous works. In compression flows, it was observed in 

the Fire II flight experiment [16]. Panesi et al [17] and Johnston [18] predicted high excited states of 

atomic nitrogen underpopulated compared to the Boltzmann distribution. In their conditions as it is 

usually the case in such hypersonic compression flows, the chemistry is partly frozen, and the Saha-

Boltzmann distribution curve is lower than the Boltzmann one due to an underpopulation of electrons 

compared to equilibrium conditions. The density of excited atomic nitrogen tends to the Saha-

Boltzmann distribution for high energy levels.  

In expanding flows such as in the afterbody region of a reentry capsule, Johnston and Brandis [7] 

predicted a similar trend. In this case, the Saha-Boltzmann distribution yields higher densities than the 

Boltzmann distribution as the chemistry is partly frozen. The excited states of atomic nitrogen are 

overpopulated compared to the Boltzmann distribution and their densities tend to the Saha-Boltzmann 

one for high energy levels. This model was compared to Fire II [16] and Stardust Echelle experiments 

[19] and was able to improve the radiation prediction. 

The CR models are also used to predict the radiation in shock tubes such as the EAST facility. 

Previous work [20] showed the importance of correctly predicting the density of atomic nitrogen to 

avoid uncertainties on the resulting radiation.  

Our experiments give another set of data that can be used to validate CR models for atomic nitrogen. 

Also, the simple configuration of our experiment may be useful to validate the kinetics of nitrogen by 

coupling CR and CFD models. 

V. Conclusion 

Optical emission spectroscopy from VUV to NIR was performed in a recombining nitrogen flow to 

measure the density of excited states of atomic nitrogen. The plasma is initially under equilibrium 

conditions at 0 cm and the excited states follow a Boltzmann distribution at the measured temperature.  

At 10 and 15 cm, a departure from equilibrium is observed. The lowest energy levels of atomic 

nitrogen were assumed to be in equilibrium with the measured ground state as this is usually the case 

for these high enthalpy flows [7] [17]. The highest levels were measured in the VUV and the NIR 

region and were found to be highly overpopulated relative to the Boltzmann distribution at the 

measured temperature. Their densities tend to the Saha-Boltzmann distribution. This confirms 

previous predictions [7] of the Fire II flight experiment and the Stardust reentry for afterbody flows.  

These results in a simple configuration experiment intend to serve as validation database for kinetic 

models coupled with CFD codes. In future work, additional direct measurements of the lower states of 

the observed transitions will be measured to remove the assumption made of a Boltzmann distribution 

of these states with the ground state of nitrogen. 

Acknowledgments 

This work has been supported by Ariane Group, under a CIFRE Ph.D. grant (number 

42701092/20160218/JSE), with Dr. Laurent Visconti as Technical Monitor. We also acknowledge 

NASA Ames Research Center (Dr. Brett Cruden) for the loan of the VUV spectrometer under 

NASA/CentraleSupélec International NASA Space Act Agreement for Equilibrium radiation 

measurement 

. 



9 of 9 
 

American Institute of Aeronautics and Astronautics 

References 

 

[1]  P. A. Gnoffo, "Planetary-Entry Gas Dynamics," Annual Review of Fluid Mechanics, no. 31.1, pp. 459-494, 

1999.  

[2]  C. O. Johnston, P. A. Gnoffo and A. Mazaheri, "Influence of Coupled Radiation and Ablation on the 

Aerothermodynamic Environment of Planetary Entry Vehicles," Radiation and Gas-Surface Interaction 

Phenomena in High Speed Re-Entry; 6-8- May 2013, 2013.  

[3]  C. O. Johnston, A. M. Brandis and K. Sutton, "Shock Layer Radiation Modeling and Uncertainty for Mars 

entry," 43rd AIAA Thermophysics Conference, Fluid Dynamics and Co-located Conferences, AIAA 2012-

2866, 2012.  

[4]  C. Park, "Review of chemical-kinetic problems of future NASA missions. I - Earth entries," Journal of 

Thermophysics and Heat Transfer, vol. 7:3, pp. 385-398 , 1993.  

[5]  Y. Liu, D. Prabhu, K. A. Trumble, D. Saunders and P. Jenniskens, "Radiation Modeling For the Reentry of 

the Stardust Sample Return Capsule," Journal of Spacecraft and Rockets, vol. 47, no. 5, pp. 741-752, 2010.  

[6]  D. R. Olynick, W. D. Henline, L. H. Chambers and G. V. Candler, "Comparison of coupled radiative flow 

solutions with Project Fire II flight data," Journal of Thermophysics and Heat Transfer, vol. 9, no. 4, pp. 

586-594, 1995.  

[7]  C. O. Johnston and A. M. Brandis, "Features of Afterbody Radiative Heating for Earth Entry," Journal of 

Spacecraft and Rockets, Vol. 52, vol. 52, pp. 105-119, 2015.  

[8]  A. C. Tibère-Inglesse, S. McGuire, P. Mariotto and C. O. Laux, "Validation cases for recombining nitrogen 

and air plasmas," Plasma Sources Science and Technology, vol. 27, no. 11, 2018.  

[9]  M. E. MacDonald, C. M. Jacobs, C. O. Laux, F. Zander and R. G. Morgan, "Measurements of air 

plasma/ablator interactions in an inductively coupled plasma torch," J. Thermophys. Heat Transfer, vol. 29, 

pp. 12-23, 2015.  

[10]  C. O. Laux, L. Pierrot and R. J. Gessman, "State-to-state modeling of a recombining nitrogen plasma 

experiment," Chemical Physics, vol. 398, pp. 46-55, 2012.  

[11]  C. O. Laux, "Optical diagnostics and radiative emission of air plasmas," PhD Thesis, Stanford University, 

1993.  

[12]  J. Z. Klose, J. Mervin Bridges and W. R. Ott, "Radiometric calibrations of portable sources in the vacuum 

ultraviolet," Journal of Research of the National Bureau of Standards, vol. 93, no. 1, pp. 21-39, 1988.  

[13]  SPECAIR, Software Package, Ver. 3.0,, Spectral Fit S.A.S., www.spectralfit.com.  

[14]  C. O. Laux, T. G. Spence, C. H. Kruger and R. N. Zare, "Optical diagnostics of atmospheric pressure air 

plasmas," Plasma Sources Science and Technology, vol. 12, no. 2, 2003.  

[15]  R. J. Gessman, "An experimental investigation of the effects of chemical ionizational nonequilibrium in 

recombining atmospheric pressure air plasmas," PhD thesis, Stanford University, 2000.  

[16]  D. L. Cauchon, "Radiative Heating Results from the Fire II Flight Experiment at a Reentry velocity of 11.4 

km/s," NASA TM-X-1402, 1967.  

[17]  M. Panesi, T. Magin, A. Bourdon, A. Bultel and O. Chazot, "Fire II Flight Experiment Analysis by Means 

of a Collisional-Radiative Model," Journal of Thermophysics and Heat Transfer, vol. 23, no. 2, pp. 236-

248, 2009.  

[18]  C. O. Johnston, "Nonequilibrium Shock-Layer Radiative Heating for Earth and Titan Entry," PhD Thesis, 

2006. 

[19]  P. Jenniskens, "Observations of the Stardust Sample Return Capsule Entry with a Slitless Echelle 

Spectrograph," Journal of Spacecraft and Rockets, vol. 47, no. 5, pp. 718-735, 2010.  

[20]  A. Lemal, C. M. Jacobs, M.-Y. Perrin and C. O. Laux, "Simulation of shock tube radiation measurements 

with a Collisional-Radiative model," 43rd AIAA Thermophysics Conference, AIAA 2013-1059, 2012.  

 

 


