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Abstract: The paper presents radiation models developed to investigate radiation in entry in Earth, Mars and Jupiter 
atmospheres. The capacity of ASTEROID computing code to simulate elementary radiative processes, calculate spectral 
and groups optical properties, and also solve simple radiative heat transfer problems is presented for Earth entry. The 
large number of radiative processes involved in the radiative flux is put forward. The contributions of the different 
radiative processes encountered in Mars entry are studied using the HTGR spectroscopic database. The validity of this 
database with respect to diatomic molecules systems and CO2 infrared radiation is illustrated through experimental 
validations. The accuracy of statistical narrow-band model to predict radiative flux is illustrated for an afterbody. Finally 
recent improvements of the model developed for the calculation of radiative properties of high-temperature H2/He 
mixtures representative of Jupiter atmosphere is presented. The model takes into account the most important radiative 
processes. 
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1. INTRODUCTION 

 During an atmospheric entry, a shock layer is created in 
front of the vehicle. The hot gases in this shock layer emit a 
radiation that contributes to the incident flux at the vehicle 
surface. A correct evaluation of this flux is needed to design 
the thermal protection shield of the vehicle, especially at 
very high entry speed. The present paper describes recent 
advancements and associated numerical codes used for 
evaluation of radiation in hypersonic flows encountered in 
Earth, Mars and Jupiter atmospheric entries. Several radiative 
mechanisms are involved, which give rise to a complex 
structure of the emission and absorption spectra. Bound-
bound transitions in atoms and molecules give line spectra. 
Free-free transitions contribute to a continuous spectrum. 
Bound-free transitions result in a continuous spectrum with 
eventually some structures. The selection of the radiative 
mechanisms and associated spectroscopic data is a critical 
issue. All the processes which may contribute to emission 
and absorption have to be considered. Due to the wide 
temperature range that can be encountered (up to 80,000 K 
for entry applications), the spectral range has to cover 
Infrared (IR) to Vacuum Ultra-Violet (VUV). Ideally, the  
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monochromatic local emission and absorptions coefficients, 
which depend on the the internal sates of the gas in the non-
equilibrium shock layer, have to be known to determine the 
radiative flux. However, models of radiative properties may 
be of interest for practical applications. It should be noted 
that radiation may also modify the gas dynamics. The 
emitted photons can either leave the flow or can be re-
absorbed, contributing to the transport of energy. Under 
some conditions, the processes of emission and absorption of 
photons have to be included in the equations describing the 
evolution of atomic and molecular internal states. Modeling 
radiation in hypersonics is not an easy task, which explains 
the development of several computer codes and spectral 
databases in the last decades: NEQAIR [1], LORAN [2], 
SPRADIAN [3], MONSTER [4], SPECAIR [5], PARADE 
[6], HARA [7], GPRD [8]. 
 The paper presents recent efforts of three groups to 
progress in the field. Section 2 gives a brief description of 
the ASTEROID computing code developed in Russia for the 
numerical simulation of elementary radiative processes, 
calculation of spectral and groups optical properties, and also 
for solving simple radiative heat transfer problems. As an 
example, the calculated half-spherical emissivity of high 
temperature air, which can be used to estimate radiative 
heating of space vehicles entering into atmospheric dense 
layers, is presented. Section 3 presents the HTGR 
spectroscopic database developed in France which aims at 
modelling high resolution radiation. Applications to CO2/N2 
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mixtures representative of Mars atmosphere are presented. 
Section 4 presents recent improvements of the model 
developed in Italy for the calculation of radiative properties 
of high-temperature H2/He mixtures representative of Jupiter 
atmosphere, taking into account the most important radiative 
processes. 

2. ASTEROID AND EARTH ATMOSPHERE ENTRY 
PLASMA 

 Notwithstanding the fact that the theory and the practice 
for the calculation of elementary and statistical radiative 
properties of low temperature plasma and hot gases have 
been developing for more than a half century [9-13], the 
development of reliable spectral optical models for radiative 
gas dynamics and heat transfer application is still an issue. 
Modern computing technologies give new methods for 
improvement of calculations [14, 15]. The ASTEROID 
computing code has been developed for solving a wide class 
of problems that are linked with radiation heat transfer in hot 
gases and low-temperature plasmas namely: 
1. numerical simulation of elementary radiation 

processes cross-sections; 
2. creation of spectral, multi-group, integral and 

combined models of absorption and emission 
coefficients; 

3. creation of the optimum multi-group radiative models 
for low-temperature plasma and hot gases; 

4. numerical simulation of spectral radiative heat 
transfer in simple cases i.e of plane, cylindrical and 
spherical volumes. 

 The following sections give a brief description of this 
code and a few examples of application. 

2.1. Brief Description of Models and Code 

 The optical and radiative models can be created for 
temperatures T ranging from 300 K to 20,000 K and more, 
for pressures p up to 100 atm and for wave numbers in the 
range 1000-500,000 cm-1. Presently, the ASTEROID code 
contains spectroscopic information and numerical simulation 
models for the following chemical elements: H, He, C, N, O, 
Si, Ar, Na, Mg, Al, K, Ca. The ASTEROID code is available 
in two versions. 
 The first one is actually the computing platform intended 
for comparative investigation of different quantum 
mechanical and quasi-classical models of elementary 
radiative processes. It is well known that a specific property 
of radiative gas dynamics is the necessity to take into 
account a large number of elementary radiative processes in 
a wide temperature region. To describe each of individual 
radiative processes a set of theoretical and computational 
models have been developed, from detailed ab-initio models 
down to approximate quasi-classical and half-empirical ones. 
Each of the models has a defined field of application. Most 
universal ab-initio quantum mechanical Hartree-Fock 
models of multi-channel interactions are intended for 
description of the fine structure of absorption and emission 
spectra. These models are very time-consuming, and 
therefore could not be included into complex radiative gas 
dynamic codes. On the other side, simplified semi-empirical 
and quasi-classical models can be used together with gas 

dynamic and kinetic codes, because of their high 
computational efficiency, but, unfortunately, they could not 
describe several significant peculiarities of radiative 
processes. Consequently, the creation of integrated radiative 
gas dynamic codes, which include models of gas dynamics, 
chemical and physical kinetics, as well as radiation heat 
transfer models and models of spectral (or group) optical 
properties, always conjugates with choice of alternative 
approaches. 
 The second version of ASTEROID, which is called 
ABSORB, is a significantly simplified version of the first 
one. ABSORB is intended for calculation of spectral and 
group optical models in the frame of radiative gas dynamic 
codes. It is assumed that models included into the code have 
been tested by comparison with other alternative models of 
ASTEROID code, as well as with available experimental 
data. Initial data for ABSORB (temperature, species 
concentrations, total pressure) are prepared after solution of 
gas dynamic equations, species and energy conservation 
equations. As for initial conditions for ASTEROID code, 
three files for the initial data are accordingly available. The 
first one contains initial data, specifying chemical 
composition of the considered mixture of gases and a scale 
of temperatures; the second file contains initial data, 
specifying number and the sizes of each spectral group, and 
also number of points on wave number in limits of each 
spectral group; and the third file contains initial data, 
specifying geometry of volume, and also distribution of 
temperature in this volume. 
 The principles of fundamental spectroscopy form the 
basis of the ASTEROID code. Therefore a database of 
energy levels of atoms and ions [16, 17], as well as a 
database of energy levels of diatomic molecules and ions 
[18], also used for the calculation of probabilities of 
elementary radiative processes, and the atomic and 
molecular lines parameters are included. 

 

Fig. (1). Molar fractions of air species 
  
(xi =

pi

p
)  at pressure p=0.1 atm. 

 The ASTEROID code creates data files containing the 
information for the equilibrium chemical composition, 
optical group models, and also group and integrated 
characteristics of radiation transfer. Fig. (1) shows an 
example of calculations of equilibrium chemical composition 



116    The Open Plasma Physics Journal, 2014, Volume 7 Perrin et al. 

of high temperature air at pressure p=0.1 atm (double 
ionization of atoms is not taken into account). 
 The ASTEROID computing platform contains several 
auxiliary programs, which cannot be integrated in the 
computing system because they are highly laborious or 
cumbersome to use. The results obtained by these programs 
are used to create local databases, or to compare with results 
obtained by any alternate programs. These programs are 
dedicated to the calculation of: 
1. Franck-Condon-factors; 
2. parameters of RKR-potential of diatomic molecules; 
3. rotational lines parameters of diatomic molecules; 
4. vibrational wave functions of diatomic molecules; 
5. radial wave functions of atoms and ions; 
6. parameters for atoms and ions lines; 
7. fine structure for the absorption and emission 

spectrum of diatomic molecules; 
8. absorption coefficients for diatomic molecules 

averaged on rotational and vibrational structures; 
9. absorption coefficients averaged on the rotational 

structure of multi-atomic molecules in the infrared 
area of a spectrum; 

10. absorptivity (or transmissivity) of non-uniform gas 
layers assuming thin rotational structure of a 
spectrum of diatomic molecules. These codes use 
"line-by-line" methods, and also various random 
models; 

11. absorptivity (or transmissivity) of non-uniform layers 
of low-temperature plasma based on atomic lines. 
These codes use "line-by-line" methods, and also 
various random models. 

 The ASTEROID computing platform allows to 
investigate not only basic models of elementary radiative 
processes but also to conjugate its simplified version (code 
ABSORB) with other models of radiative gas dynamics. 

2.2. Use of Integral Half-Spherical Emissivities to 
Estimate Radiative Heating 

 When solving applied problems of aerophysics, there is 
often a need of fast estimations of radiative heating of 
entering space vehicles without solving the full system of 
radiative gas dynamic equations. This can be done for 
'standard' mixtures like air, CO2-N2 (97%-3%), etc. The 
method includes a few simple steps. On a first step, an 
estimation of shock wave stand-off distance δ  is calculated 
with the approximate formula [19]: 

  
δ = εR

1+ 8ε / 3
,ε =

ρ∞

ρw

,  (1) 

where ρ∞  and  ρw  are the densities in the free stream flow 
and at the surface. R is the blunt body nose radius. 

 On a second step, temperature and pressure are calculated 
in the equilibrium zone of the shock layer behind the shock 
wave. A model of thermodynamic equilibrium can be used 

for this purpose. Assuming an homogeneous volume, the  
half-spherical integral emissivity  ε0  of the corresponding 
'standard' mixture is calculated from the shock layer depth, 
approximated by  δ ,  its temperature and pressure according 
to: 

   
ε0 =

π
σT 4 σmin

σmax∫ (1− exp(−κσδ ))Iσ
bdω ,  (2) 

where κσ  is the spectral absorption coefficient and  σ min  and 

 σ max  are the wave numbers corresponding to the boundaries 

of the heat radiation spectral region.  Iσ
b  is the equilibrium 

intensity given by the Planck's law and  σ  is the Stephan-
Boltzmann constant. 
 The radiative flux can be determined by: 

   qrad = ε0
σT 4  (3) 

 Spectral absorption coefficients κσ  of high temperature 
air, calculated with the code ASTEROID in 106 spectral 
points, are presented in Figs. (2, 3) for two temperatures. 
These thermodynamic points are quite typical for problems 
of radiative heating of entering space vehicles. Half-
spherical emissivities of high temperature air are presented 
in Figs. (4-6). Each of the figures shows half-spherical 
emissivity at three pressures calculated with and without 
atomic lines structure. It should be noted that taking into 
account the line structure of emission and absorption spectra 
is one of unsolved problems of radiative gas dynamics with 
strong radiative-gas dynamic interaction. 

 
Fig. (2). Spectral absorption coefficient of air at p=0.1 atm and  
T=6,000 K. 

 Figs. (7-9) show cumulative distributions defined by 

   
Q(σ ) =

π
σT 4 σmin

σ

∫ (1− exp(−κσδ ))Iσ
bdω  (4) 

where  σ min =1000 cm-1 is the minimal wave number for 
integration. These cumulative functions allow to demonstrate 
the most significant spectral subregions contributing to the 
integral emissivity. For example, at temperature T=6,000 K 
and pressure p=0.1 atm (see cumulative function in Fig. 7) 
radiative processes in the spectral subregion 10,000-55,000 cm-1 
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Fig. (3). Spectral absorption coefficient of air at p=0.1 atm and  
T=10,000 K. 

 
Fig. (4). Half-spherical integral emissivity of high temperature air 
with (solid lines) and without (dashed lines) atomic lines at  
R=1 cm. 

 
Fig. (5). Half-spherical integral emissivity of high temperature  
air with (solid lines) and without (dashed lines) atomic lines at 
R=10 cm. 

 
Fig. (6). Half-spherical integral emissivity of high temperature air with 
(solid lines) and without (dashed lines) atomic lines at R=100 cm. 

 
Fig. (7). Cumulative functions of spectral half-spherical emissivity 
at p=0.1 atm and R=1 cm. 

 
Fig. (8). Cumulative functions of spectral half-spherical emissivity 
at p=0.1 atm and R=10 cm. 



118    The Open Plasma Physics Journal, 2014, Volume 7 Perrin et al. 

 
Fig. (9). Cumulative functions of spectral half-spherical emissivity 
at p=0.1 atm and R=100 cm. 

give general contribution to integral emissivity, while at 
T=12,000 K radiative processes located in spectral subregion 
60,000-120,000 cm-1 become most significant. The spectral 
distributions of individual radiation processes, shown in 
Figs. (10, 11), allow to identify the most significant radiative  
 

 
Fig. (10). Partial contribution of individual radiative processes to 
the total absorption coefficient of high temperature air at p=0.1 atm, 
T=6,000 K. 

 
Fig. (11). Partial contribution of individual radiative processes to 
the total emission coefficient of high temperature air at p=0.1 atm, 
T=12,000 K. 

processes Table 1 details the elementary processes 
represented in Figs. (10, 11). In the case under consideration 
photoionization from bound states of atoms N and O, as well 
as resonant atomic lines are most significant at T=12,000 K. 
At T=6,000 K, the electronic bands of diatomic molecules 
and radicals (N2, O2, NO) are most significant. 
Table 1. Elementary processes in Figs. (10, 12). 
 

Number Elementary Process Number Elementary Process 

1 N: bound − free 26 N!:𝐴!Σ!! − 𝑋!Σ!! 

2 N: atomic  lines 28 N!: 𝑎!Π!   − 𝑋!Σ!! 

4 N!: atomic  lines 29 NO: photoionization 

5 O: bound − free 30 NO:𝐵!Π − 𝑋!Π  

6 O: atomic  lines 31 NO:𝐴!Σ! − 𝑋!Π  

8 O!: atomic  lines 32 NO:𝐶!Π − 𝑋!Π  

18 O!: photodissociation 33 NO:𝐷!Σ! − 𝑋!Π  

19 O!:𝐵!Σ!! − 𝑋!Σ!! 34 NO:𝐵′!Δ − 𝑋!Π  

21 N!: photoionization 37 NO:𝑋!Π − 𝑋!Π  

22 N!:𝐵!Π! − 𝐴!Σ!! 38 N!!:A!Π! − X!Σ!! 

23 N!:𝐶!Π! − 𝐵!Π!  39 N!!:𝐵!Σ!! − 𝑋!Σ!! 

24 N!: 𝑏!Π! − 𝑋!Σ!! 40 N!!:𝐶!Σ!! − 𝑋!Σ!! 

25 N!: 𝑏′!Σ!! − 𝑋!Σ!!   

 

3. HTGR AND MARS ATMOSPHERE ENTRY 
PLASMA 

3.1. HTGR Radiation Database 

 The HTGR spectroscopic database has been originally 
developed to describe radiative processes in air [20, 21]. 
Later, it has been extended to include radiative processes 
observed in CO2-N2 plasma [22] and is continuously 
complemented with new species and radiative processes. 
Atomic species line-strengths and line-positions are taken 
from the NIST database [17]. As many atomic lines can be 
optically thick in the considered applications, their line 
shapes have to be carefully determined. Systematic 
calculations have been performed in the impact 
approximation to account for the different collisional 
broadening mechanisms [23]. The database includes 35 
electronic systems of N2, O2, NO, N 2

+ ,  CO, CO+, C2 and CN 
molecules. A systematic approach is used to calculate 
diatomic spectroscopic data [20]. Line positions are taken 
from the literature in order to have a good accuracy. The 
RKR procedure is used to reconstruct the intramolecular 
potential. The radial Schrödinger equation is solved to get 
rotationless-vibrational wave functions which are combined 
to critically selected ab-initio or experimental electronic 
transition moment functions to obtain the line strengths. The 
atomic species photoionization cross sections are taken from 
the Opacity Project (OP) [24]. Molecular photoionization, 
molecular photodissociation and negative atomic ions 
photodetachment are modelled pragmatically [21, 22]. Free-
free transitions are included. The knowledge of very high 
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temperature absorption and emission spectra of triatomic 
molecules like CO2 remains a challenge. The recent CDSD-
4000 database [25] has been selected for modeling CO2 IR 
emission. 

 The HTGR database allows to calculate the spectral 
characteristics, in particular the spectral emission and 
absorption coefficients, ησ  and κσ , on a wide spectral 
range, 1,000-200,000 cm-1, by a line-by-line approach from 
local thermochemical state and level populations. Fig. (12) 
shows the absorption spectrum of equilibrium CO2 (97%)-N2 
(3%) plasma, which composition is representative of Mars 
atmosphere, at 1 atm and 5000 K. Fig. (13) shows the 
optically thin emission defined by: 

  
SR = ∫κσ Iσ

bdσ  (5) 

 
Fig. (12). Absorption spectrum of equilibrium CO2 (97%)-N2 (3%) 
plasma at 1 atm and 5,000 K. 

 Are also shown in Fig. (13) the contributions due to 
atomic bound-bound processes, diatomic bound-bound 
processes, continuum processes and CO2 infrared radiation. 
In the backside of a capsule entering Mars atmosphere, the 
temperature is limited to 4,000 K, the radiation will be due 
mainly to CO2. In the front side, the temperature in the shock 
layer is typically in the range [2,000-7,000] K. The 
contribution of CO2 infrared radiation is important up to 
4000 K; the radiation is due to diatomic bound-bound 
processes above. These two types of radiative processes are 
more thoroughly discussed in the following sections. 

3.2. Carbonaceous Diatomic Molecules 

 The spectra of carbonaceous diatomic molecular sytems 
have been studied both theoretically and experimentally. The 
most important electronic systems for Martian entries are 
those of CO (Infrared, fourth posistive   A

1Π− X 1Σ+ ,  
Hopfield-Birge   B

1Σ+ − X 1Σ+ ,  and third Positive   b
3Σ+ − a3Π),  

of CN (Red   A
2Πi − X 2Σ+ ,  Violet   B

2Σ+ − X 2Σ+ ,  and 

LeBlanc   B
2Σ+ − A2Πi ),  of CO+ (Comet-tail   A

2Πi − X 2Σ+ ,  

Baldet-Johnson   B
2Σ+ − A2Πi ,  and First Negative 

  B
2Σ+ − X 2Σ+ ),  and of C2 (Philips 

  
A1Πu − X 1Σg

+ ,  Mulliken 

  
D1Σu

+ − X 1Σg
+ ,  Deslandres-D'Azambuja 

  
C1Πg − A1Πu ,  Swan 

  
d 3Πg − a3Πu , Ballik-Ramsay 

  
b3Σg

− − a3Πu , and Fox-

Herzberg 
  
e3Πg − a3Πu ). Theoretical calculations have been 

carried out using the RKR method for internuclear potential 
reconstruction, a spectral Chebyshev method for the 
determinantion of vibrational wave functions from the radial 
Schrödinger equation, and using up-to-date available 
electronic transition moment functions [22]. 

 
Fig. (13). Optically thin emission of bound-bound atomic, bound-
bound diatomic, continuum and CO2 infrared mechanisms for a 
CO2(97%)-N2 (3%) plasma at 1 atm. 

 Some of these systems have been studied experimentally 
using optical emission spectroscopy and a microwave 
plasma flow confined in a quartz tube [26]. Fig. (14) shows 
an example of comparison between absolute local (Abel 
inverted) measured emission coefficient and the predicted 
coefficient from HTGR databse for the C2 Swan system. The 
spectral range in this figure corresponds to vibrational bands 
characterized by   Δv = ′v − ′′v = 1 . The agreement between 
 

 
Fig. (14). Comparison between the absolute levels of emission 
coefficient at the center of a CO2 plasma and 6 mm above the exit 
of the microwave cavity, and the calculated one, for the C2 Swan 
system,   Δv = 1  region. The experimental setup is described in [26]. 
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the predictions and the experimental calibrated spectrum is 
very satisfactory. The HTGR database possesses a 
spectroscopic accuracy which allows its use in optical 
diagnostics. Fig. (15) shows an example of comparisons 
between normalized spectra in the spectral range 
corresponding to the CN violet   Δv = −1 vibrational bands. 
The adjustment of the measured spectrum enables quite 
accurate determination of vibrational and rotational 
temperatures. 

 
Fig. (15). Normalized experimental and adjusted local emission 
coefficient in a CO2-N2 plasma. The peaks correspond to 
vibrational bands   Δv = −1  of the CN violet system. 

3.3. CO2 Infrared Radiation 

 As shown above in Fig. (13), CO2 IR radiation remains 
very important at temperatures as high as 4000 K although 
its concentration is quite small. Its contribution is then 
expected to be important for high velocity entries in 
planetary atmospheres containing CO2. We have studied the 
accuracy of various available CO2 databanks by comparing 
their predictions to measurements [27, 28]. To this end, an 
experimental setup combining a microwave plasma torch 
and a high resolution Fourier transform spectrometer has  
been designed. CO2 and CO2-N2 flows were excited by a 
microwave discharge inside quartz or sapphire tubes  
and temperature and concentration distributions were 
inferred from CO overtone emission in the spectral range 
[4000-4360 cm-1]. The line of sight integrated emission 
spectra were then compared to the predictions from 
CDSD4000 [25] and HITELOR [29] spectroscopic databases 
in the 4.3 and 2.7 µm regions. A comparison between 
measurements and predictions is shown in Fig. (16) for a 
pure CO2 plasma confined in a saphire tube and 20 mm 
above the exit of the microwave discharge. It appears that the 
recent CDSD-4000 database is more accurate than 
HITELOR, especially in the 2.7 µm region. The high 
experimental uncertainties in the range [2,200-2,400 cm-1] 
are due to important uncertainties on the temperature 
distribution in the cold peripheral regions of the flow. 
 The CDSD-4000 gathers 573,881,316 rovibrational 
transitions, when considering only the main isotopologue 
12C16O2. A correct description of each spectral line profile 
associated to these transitions requires about 106 spectral 
points to predict accurately the radiative transfer in the IR 
spectral range, at atmospheric pressure. At lower pressures 

such as encountered in Martian entry problems, spectral line 
profiles are dominated by Doppler broadening, and become 
therefore much narrower, requiring about 10 times more 
spectral points. Such spectral high resolution predictions of 
radiative transfer will therefore require a large amount of 
CPU time, in particular when complex 3D geometries are 
considered. 

 
Fig. (16). Comparison between experimental and calculated line-of-
sight integrated intensity emitted by a CO2 plasma in the infrared. 
For legibility, the high resolution spectra are convolved with a 
rectangular function of width 10 cm-1. Adapted from [28]. 

 Statistical Narrow Band (SNB) models [30] enable to 
easily calculate the mean transmissivities of an optical path, 
averaged over spectral narrow-bands, whose widths are a 
few 10 cm-1, from only a few parameters: the mean 
absorption coefficient inside each narrow-band, and a 
parameter characterizing the overlapping of absorption lines 
within the narrow-band. Such models enable to drastically 
reduce the required number of "spectral" resolutions of the 
radiative transfer equation --- about 300 narrow-bands of 
width 25 cm-1 are sufficient to cover the IR spectral range 
where CO2 is active. We have recently obtained updated 
SNB parameters for CO2, based on the CDSD-4000 database  
at atmospheric pressure [31], and also in pure Doppler 
broadening regime [32]. These parameters have been 
calculated from least square adjustments between CDSD-
4000 based line-by-line and SNB predictions of mean 
transmissivities of columns for various optical thicknesses, 
and tabulated in a wide range of temperature between 300 
and 5000 K. 
 As an example of application, these SNB parameters 
have been used to calculate the incident radiative flux at 
some locations of the afterbody of the Viking capsule during 
its entry in Mars atmosphere [33]. 3D aerothermal fields 
used to perform these radiative transfer calculations were 
provided from [34]. No coupling with radiative transfer was 
considered. Radiative transfer calculations were carried out, 
assuming local thermal equilibrium at the rotation-translation 
temperature, and only considering Doppler broadening of 
spectral lines. Fig. (17) shows the spectral distribution in the 
4.3 µm region of the radiative flux at the thermocouple 
location on the outer aluminum cone of the Viking afterbody 
(see details in [33]). Three flight times are considered. SNB 
model results compare successfully with the reference results 
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obtained from a spectral high resolution approach of 
radiative transfer and line-by-line calculations (LBL). Fig. 
(17) shows also results obtained from the SNB model, under 
the weak limit approximation (SNB weak), which consists in 
neglecting the spectral correlation of gaseous radiative 
properties within each narrow-band, and thus in just using a 
mean absorption coefficient (box model); such simplification 
introduces large discrepancies in this case, confirming the 
need of using a full correlated model like SNB. More details 
on these calculations and discussions on the retained 
approximations may be found in [33]. 

 
Fig. (17). Low spectral resolution incident flux on a wall point of 
the outer aluminum cone of the Viking afterbody, calculated using 
line by line (LBL), SNB model (SNB), and SNB in the weak 
absorption limit (SNB weak). The three colors refer to three 
trajectory times. Adapted from [33]. 

4. RADIATIVE PROPERTIES FOR JUPITER 
ATMOSPHERE ENTRY PLASMA 

 In this section the model used for the calculation of the 
spectral radiative properties of the Jupiter atmosphere under 
high speed shock conditions is described. An important 
property of the proposed model is that it can be easily  
coupled to collisional-radiative models (CRM) for the 
calculation of non-equilibrium spectral coefficients using the 
actual population of atomic and molecular levels, to 
determine the absorption coefficient and emissivity entering 
the radiative transfer equation (RTE). Solving the RTE 
allows for a self-consistent determination of both the 
radiative rate coefficients entering the master equations of 
the CRM and the contribution of radiation to the internal 
energy of the flow, which could be important in the case of 
low-pressure, high-speed entry trajectories in atmospheric 
entry problems [35]. 

4.1. Spectral Properties of Jupiter Plasmas 

 The present spectral model for the H2/He plasma is based 
on a previous model for pure hydrogen plasma, extended to 
include the helium atom and molecular hydrogen. The 
following radiative processes are included: 
• Absorption and emission due to transitions between 

atomic or molecular bound levels (bound-bound 
transitions) of H, He and H2 species. 

• Transition of the optical electron from a bound state 
towards the continuum (photoionization) and the 

reverse process of capture of a free electron by the 
corresponding ion (radiative recombination, bound-
free transitions) of H and He. 

• Bremsstrahlung emission from free electrons in the 
electric field of the H+ ions and inverse 
Bremsstrahlung absorption (free-free transitions). 

 The reader is referred to [36] for a full account of the 
model limited to atomic hydrogen species. Table 1 reports 
the radiative processes considered in the full model. In the 
next sections, the implementation of the new radiative 
processes R2, R3 and R5 is described. 
4.1.1. Bound-Bound Transitions of H2 

 Modeling
 
of

 
H2 

Lyman
   
(H2(B1Σu

+ ↔ X 1Σg
+ ))

 
and Werner 

  
(H2(C1Πu ↔ X 1Σg

+ ))  radiation is performed at the level of 

rational lines (including λ -doubling for the C state) using 
Einstein coefficients 

  
A ′′e , ′′v , ′′J

′e , ′v , ′J  and corresponding transition 
energies calculated by Abgrall et al. in a series of papers, see 
[42] and references there in. Abgrall's et al. calculations fully 
account for the non-adiabatic couplings between H2 
electronically excited states up to   n = 3 , and have been 
validated by comparison with high-resolution spectroscopic 
measurements [43]. These data are available online as a part 
of Paris-Meudon Observatory MOLAT database [38]. This 
data set is recommended for the calculation of high-
resolution bound-bound spectra of H2. 
Table 1. Radiative processes considered in the calculation of 

the spectral radiative properties of H2/He plasma. 
 

  Reaction   Ref.  

  R1      H(n) H(m<n)+    [37] 

  R2   
   
H2(B1Σu

+ ,C1Πu ) H2(X1Σg
+ )+    [38] 

  R3      He(n) He(m<n)+    [17] 

  R4   
   H

+ +e-(ε ) H(n)+    [39] 

  R5   
   He+ +e-(ε ) He(n)+    [40] 

  R6   
   H

+ +e-(ε ) H+ +e-( ′ε < ε )+    [41] 

 

 The calculation of equilibrium spectra, and of non-
equilibrium spectra using vibrational populations calculated 
by a CRM needs accurate partition functions to distribute the 
total H2 number density (equilibrium) or the vibrational 
population of the ground and electronically excited states 

  H2(Y ,v)  (CRM) over the rotational manifold. The partition 
function of H2 has been calculated using spectroscopic 
Dunham coefficients from [44] for the X state and from [45] 
for the B and C states. It is worth noting that the population 
of a rotational J-level of an homonuclear diatomic molecule 
depends also on the symmetry of the electronic wave 
function due to nuclear statistics considerations [44, 46]. 
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 Individual rotational line profiles   ( ′e , ′v , ′J )− ( ′′e , ′′v , ′′J )  
have been modeled with an approximate Voigt line shape 
function [47], using the following expression to determine 
the Doppler and collisional half-widths [48]: 

  

γ D =
ν0

c
2ln2kTg

M

γ coll = 0.1
273
Tg

⎛

⎝
⎜

⎞

⎠
⎟

0.7

cm−1

 (6) 

4.1.2. Bound-Bound Transitions of He 

 The recent comprensive tabulation by Wiese and Fuhr 
[49] includes transition probability data for about 2400 
transitions with principal quantum number   n ≤10  and 
orbital argular momentum quantum number    ≤ 7 , taking 
fully into account the fine structure. The data set also 
includes transition probabilities for several intercombinat-
ions lines, and is available in NIST's atomic spectral 
database [17]. 

 The few lines missing from NIST's tables, namely the 
lines involving the excited states with    n = 9,  = 8  and 

   n = 10,  = 8, 9  have been estimated as follows. The dipolar 
transition probability is given by 

  
A( ′J , J ) =

64π 4(ea0 )2

3h(4πε0 )
ν 3 S( ′J , J )

2 ′J +1
 (7) 

 The transition strength   S( ′J , J )  (a.u.) can be written as 
[50] 

   
S( ′J , J ) = Rline

2 Rmultiplet
2 I2  (8) 

where the line and multiplet factors are defined as 

  

Rline = (−1)S+J+L' +1

× (2J +1)(2J' +1) S
1

J
′L

L
′J

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

 (9) 

   

Rmultiplet = G × (−1)Lc+L+ ′ +1

× (2L+1)(2 ′L +1)
Lc

1
L
′

′L

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

 (10) 

 In the latter equation the   L,S , J  are the spin, orbital and 
total angular momentum quantum numbers, cL  is the orbital 
angular momentum quantum number of the core, the primed 
quantities refer to the upper state of the transition, I is the 
orbital quantum number of the “optical” electron and G  is a 
coefficient (fractional parentage coefficient) that assumes 
value =1G  for transitions of the kind   I− I ′  and   G = 2  
for transitions   2 −  ′ , where  I  is a ionic core. In the case 
of atomic helium, only transitions of the kind   1s2 −1s.np  and 

   1s.n−1s.n ±1  have been considered for calculation with 
the approximate method. Finally, the radial factor is defined 
as [51] 

    
I = (−1)>− > 0

∞

∫ Pν(r)rP ′ν ′ (r)dr  (11) 

where    Pν(r)  is a radial function and   > = max(, ′ ) . In the 
Coulomb approximation, the radial functions are replaced by 
the asymptotically accurate expression  

    
Pν(r) ~ KW

ν ,l+1
2

(r)   

where K is an approximate normalization factor and W  is 
the Wittaker function. In the above equations, ν  is a 
generally non-integral effective quantum number, calculated 
from the experimental level energy  Ei  as 

  
ν =ζ Ryd

Iion − Ei

 (12) 

where   ζ = 1,2,…  for neutral atoms, first ions etc., Ryd is the 
Rydberg constant and  Iion  is the experimental ionization 
energy of the Rydberg series to which the given excited level 
belongs. The radial integrals have been evaluated according 
to the method described in section III of [52]. This paper 
improves over the previous work [36] implementing a 
method for the calculation of quadratic Stark widths of 
neutral He lines following [53]. The electron impact Stark 
half-width  we  and shift  de  in cm-1 are calculated using: 

    

we + ide = 2
3c

ne


m

⎛
⎝⎜

⎞
⎠⎟

2

∫
dv
v

fe(v){3
4

mv


⎛
⎝⎜

⎞
⎠⎟

2

ρmin
2

+
′i
∑R i ′i

2 [ai ′i (zi ′i
min )− iε i ′i bi ′i ( zi ′i

min )]

+
′f
∑R f ′f

2 [a f ′f (z f ′f
min )+ iε f ′f bf ′f ( z f ′f

min )]}

 (13) 

where  ne  is the electron density   fe(v)  is the eedf,  ρmin  is a 

threshold impact parameter and 
 
Rj ′j  are coordinate matrix 

elements that have been calculated from available Einstein 
coefficients, while the summations on  ′i  and  ′f  represent 
the contribution to the broadening of the dipole interaction of 
the lower and upper states of the line with nearby energy 
levels and the other quantities are defined as in [53]. The 
total Stark half-width of a line has been calculated according 
to [54]: 

  w = we +1.75A(1− 0.75R)we  (14) 

where A  is the ion-broadening parameter calculated 
according using Eq. (224) of [55] and R  is the ratio between 
the the Debye length and the average ion-ion distance, 
calculated according to [54]. 
4.1.3. Bound-Free Transitions of He 

 The most reliable atomic photoionization cross sections 
(and radiative recombination) calculations up to date are 
based on the close-coupling (CC) approximation and the R-
matrix method as implemented by the Opacity Project (OP) 
[24]. Very recently, the cross section data for He in the OP 
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database have been superseded by the calculations reported 
in [56], which are based on the same CC method as the OP 
database, but using an improved theoretical approach 
accounting for photoionization and dielectronic 
recombination in a unified manner. These data include both 
the total photoionization cross section, leaving the ion He+ in 
various excited core states as well as level-specific 
photoionization cross sections leaving the ionic core in its 
ground electronic state. The cross sections are given on a 
photon energy mesh of a few thousand points, where the 
lower energy point corresponds to energy difference between 
the level i and the core ground state. Cross sections are 
provided for excited states with   n ≤10  and    ≤ 6  for both 
the singlet and triplet systems of He. The cross sections are 
calculated in the LS coupling scheme and are not resolved 
over the fine structure, which is not big issue for He since 
the fine splittings are anyway very small. This latter dataset 
has been employed in the present work for the calculation of 
photoionization/recombination spectra of  He atom. 

4.2. Results 

 In this section we present calculated spectra of a Jupiter-
like plasma of initial molar composition H2:He=89:11. In 
Fig. (18) absorption spectra of an equilibrium plasma at 

  p = 1  atm and different temperatures are reported. It is 
clearly observed that with increasing temperature, molecular 
absorption lines in the region  60,000-110,000  cm-1 are 
progressively overcome by atomic H Lyman absorption. At 
very high temperature, absorption from atomic H and He 

excited states and Bremsstrahlung below 50,000 cm-1 starts 
to be significant compared to absorption from the ground 
states of atoms. 

 In Fig. (19) absorption spectra calculated at different 
points in the post-shock region of an hypersonic shock wave 
propagating in a Jovian plasma (H2:He=89:11) initially at 

  T0 = 160  K and   P0 = 10  Pa and a free stream gas flow speed 

  v0 ≈ 46  Km/s. Downstream the shock the gas temperatures 

suddenly jumps to 
  
Tg = 81,000  K and the pressure to 

  P = 2.9104  Pa ( ≈ 0.3  atm). The post-shock relaxation of the 
generated plasma is studied using a CRM [57], which 
recently has been extended with a reasonably complete set of 
elementary processes for the He atom [58]. In Fig. (19), 
absorption spectra corresponding to the two limiting cases of 
optically thin (the emitted radiation escapes the plasma 
volume without being reabsorbed) and optically thick (the 
emitted radiation is completely reabsorbed locally) are 
reported. At small distances from the shock front (Fig. 19a) 
most of the absorption is due to undissociated H2 molecules 
and He, while at about 20 cm from the shock front  
(Fig. 19b), corresponding to the maximum of the electron 
molar fraction, absorption features of atomic H Lyman lines 
are increased due to formation of hydrogen atoms by 
dissociation of H2 molecules. The thin plasma is 
characterized by a slightly smaller dissociation degree of H2 
and a lower ionization degree, resulting in stronger 
absorption in H2 bands and smaller Stark widths of atomic 

 
Fig. (18). Calculated absorption spectra of an equilibrium H2/He Jovian plasma at p=1 atm at different temperatures. 
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lines. At large distances from the shock front (Fig. 19c) the 
thin and thick cases are not very different, being both the 
plasma composition and internal distributions nearly 
equilibrium at this distance, but the thick case is 
characterized by stronger absorption below 50,000 cm-1 due 
to the higher number densities of excited states resulting 
from neglecting radiative the decay process. 

CONCLUSION 

 Many advances and improvements have been recently 
achieved in the field of radiation properties of low 
temperature plasmas and hypersonic flows. These 
achievements have been illustrated in this paper with regard 

to radiation in atmospheric entries, including Earth, Mars, 
and Jupiter like atmospheres. 
 A description of the computing code ASTEROID has 
been presented. This code is applicable to many different 
kinds of spectral and group optical models for hot gases and 
low-temperature plasmas. The half-spherical emissivity 
which is of practical interest for estimation of the radiative 
heating of space vehicles surface, has been shown to involve 
a large number of different elementary radiative processes 
for air plasma. 
 Using the HTGR database, it has been shown that for 
entry in Mars atmosphere, two types of radiative processes 
are predominant. Up to 4000 K, the contribution of CO2 IR 
radiation is important. Above and up to 7,000 K, the 

 
Fig. (19). Calculated absorption spectra of a Jovian plasma at different positions in the post shock region of a shock wave. The initial free 
stream condition is defined by   T0 = 160  K,   P0 = 10  Pa and free flow speed   v0 ≈ 46  Km/s, corresponding to a Mach number   M ≈ 50.  
Optically thin (solid black line) and optically thick (solid gray line) are compared. 
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radiation due to diatomic bound-bound transitions 
dominates. For these two types of processes, an experimental 
validation has been performed. An example of spectral 
distribution of the radiative flux on an afterbody has been 
presented based on line-by-line calculations and on statistical 
narrow band model whose parameters have been deduced 
from line-by-line calculations. 
 Finally, recent improvements of a model for the 
calculation of radiative properties of high-temperature H2/He 
mixtures, taking into account the most important radiative 
processes have been presented. It can be used to determine 
emissivity and absorption coefficient needed in the solution 
of the radiative transfer equation for hypersonic entry flows, 
and can be easily coupled to a collisional-radiative model to 
compute rate coefficients of radiative processes self-
consistently with the radiation field, which can be important 
in the state-to-state chemical kinetic description of non-
equilibrium atmospheric entry plasmas. 
 To increase the reliability of radiative heating prediction, 
there is a need for further verification and validation of the 
presented radiative data. Some additional elementary 
radiation processes require further investigation. This is the 
case for instance of processes involving ablation products 
(when ablative materials are used) which may contain many 
exotic molecules that can contribute to radiation shielding. 
Future work should also include the modeling of resonance 
broadening of He atoms, which is important to predict line 
widths in low-temperature He-rich plasmas, and the 
modeling of photodissociation and photoionization of H2 
molecules, which could be important to model the chemistry 
of the precursor region just before a shock front. 
 The prediction of radiative transfer in entry problems and 
in hypersonic flows is closely related to the knowledge of the 
thermodynamic state of the gas surrounding the vehicle. 
Level populations of the various species must be known with 
accuracy compatible with the searched accuracy for radiative 
transfer. These level populations may also be influenced by 
radiation. Therefore, a consistent treatment of coupled 
radiation and collision processes is sometimes necessary, 
though not easy to implement. As an example, the full model 
on H2/He is currently being incorporated in an advanced 
collisional-radiative model, including a Boltzmann solver for 
the non-equilibrium electron energy distribution function 
[59]. 
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