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Summary: Nonequilibrium electronic excitations and deexcitations in nitrogen plasmas appropriate
to an AOTV flight are studied theoretically. From the given nonequilibrium thermodynamic state
variables behind a strong shock wave, the number densities of internal states of a nitrogen atom,
nitrogen molecule and nitrogen ionic molecule are calculated by using the collisional and radiative
process theory, in which the effects of heavy particle impacts are included. Based on the results of the
nonequilibrium population distributions at various electronic states of each species, emission and
absorption characteristics of the plasmas are calculated.

1. INTRODUCTION

It is well known that an AOTV is designed, because of its intrinsic requirements and
constraints, to fly in the high-altitide and low density region of Earth’s atmosphere at
a nearescape velocity [1]. In such an environment, the shock layer around the vehicle
can produce significant radiation [2]. Since the radiation will be surely enhanced by
chemical and thermal nonequilibrium, one must be able to calculate the radiative heat
fluxes to the vehicle based on nonequilibrium theory to provide a heat-shield design
with confidence.

The purpose of the present paper is to examine closely nonequilibrium state of
nitrogen plasmas appropriate to such an AOTV flight. Nonequilibrium population
distributions at excited electronic states of atomic and molecular species, which are
related directly to the radiative properties of the plasmas, are calculated by using the
theory of collisional and radiative processes [3], and absorption coefficient and
emittance of the plasmas are derived from the population distributions.

2. COLLISIONAL AND RADIATIVE PROCESSES

To evaluate nonequilibrium radiation from plasmas, populations of excited levels of
atoms and molecules from which radiation emanates must be known. If macroscopic
plasma parameters such as various temperatures, electron density, and total
population of each species in interest are given, such populations can be calculated
based on the collisional-radiative process theory by Bates, er al. [3].

According to this process theory, a collision by an electron or a heavy particle can
cause a transition of electronic state of the target atom or molecule from an initial
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lower state i to final upper state j at the rate
K, nn,, (1)

if the relative collision energy exceeds the energy difference between the two states
E.=E,—E; The excitation rate coefficient Kj; is basically expressed as

K,j=j: F(EYXE)Q,(E)dE. @)

In the above expressions, n, is the number density of the colliding species, n; that of
the initial state, E the relative collision energy, F(E) the distribution of the collision
energy, v(E) the relative velocity between the two colliding species, and Q; the
collision cross section for the transition. The rate of deexcitation from higher excited
states to lower ones is related to the excitation rate by the principle of detailed
balance.

The production rate of the state i including radiative transitions is given by

;1 (Kjn.+ Aji)njs 3)

where Aj; is the radiative transition probability from the state j to i. In a similar
manner, the removal rate of the state i is given by

;:1.1 (K;n.+ A, j)’% )]

These rates are known to be usually much larger in magnitude than the other rates
such as diffusion rates of heavy particles and the rate of change of macroscopic plasma
parameters encountered in high-temperature flows like an AOTYV flight. As a result,
the number density of the state n; can be assumed to be in the local steady state, and
one obtains the following quasi-steady-state relation,

Z (Kyn.+ A)n;— 121 (K;n.+ A;n;=0. &)
Jj=1 =

This equation forms a set of linear equations for n/’s and the solution is obtainable by
the algebraic operations.

The collision cross section data Q;; are needed to calculate Eq. (2) and hence Eq.
(5) for many transitions. Those for election impact excitations are generally available
from many theoretical and experimental studies. However, there are few data on the
excitation cross sections by heavy particle impacts.
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3. COLLISIONAL TRANSITION RATES

To carry out the computation, one needs modeling for energy-state structures of
atoms and molecules, because they are too complex to be handled as they are. For a
nitrogen atom, the same energy-state grouping as in Ref. 4 is used. This model
consists of 35 discrete levels including the ground state. For a nitrogen molecule and
molecular ion, the structure of an energy level contains numerous rotational and
vibrational levels in each electronic level. However, if it is asumed that population
distributions are determined by rotational temperature (which is substantially equal to
heavy-particle translational temperature) for the rotational levels and by vibrational
temperature for the vibrational levels, the molecular transfer calculation is limited
only to that of electronic levels. In the present study, four electronic states for the
molecule are taken into account, that is, X IZg (ground state, electronic excitation
energy =0 eV), A’S, (6.17 eV), B[, (8.55 V), and C’I, (11.03 eV) states, and
two states for the molecular ion, X°Z, (0 eV) and BT, (3.17 eV) states. From the B
state of N, molecule, the first positive bands radiation emanates and from the C state,
the second positive band radiation. From the B state of N," ion, the first negative
band radiation is emitted.

The rate coefficients for the atomic excitations from the state i to j by an electron
impact are taken from Park [4]. The other rate coefficients, that is, those by an
heavy-particle impact, the rate coefficient for radiative recombination from the
continuum to the state i, and the ionization rate constants by collisions with free
elctrons and heavy-particles, are all adopted from Drawin [5, 6].

For the molecular and molecular ion processes, the collisional excitation rate
coefficient by an electron impact is given by a sum over all final upper vibrational
states and rotational states and an average over all initial lower vibrational states and
rotational states. An expression based on such a difinition is given in Refs. 7 and 8.
For the electronic excitation rate by the collision with heavy particles, we have no
reliable expression. The excitation cross section of any neutral species is known to be
zero at the threshold and behaves approximately as

Qtj =aq ln (E/Eez)/(E/Eez)’ (6)

where ois a constant and assumed to be 1016 ¢m? according to Park [9]. For the ionic
molecule, the excitation cross section is assumed to be

0,;=10"" cm?, )

because the cross section value may be nearly constant near the threshold energy as
that for an electron impact [10]. In case of the molecular and molecular ionic
excitations, the contributions of vibrational and rotational states are neglected
because of a large uncertainty in those cross sections and relative unimportance as
compared with the electron impact processes. The rate coefficients are simply
calculated by Eq. (2) with Egs. (6) and (7) for the cross sections and with Maxwell
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energy distribution for F (E).

4. RESULTS AND DISCUSSION

Calculations of the populations at the excited states of a nitrogen atom, nitrogen
molecule, and nitrogen molecular ion are conducted for the conditions similar to those
in a shock layer over an aero-braked AOTV [1]. Park [11] made a detailed calculation
of the shock tube flow for air with a strong shock wave simulating flow properties in
the AOTV shock layer. His calculations are based on the simple two-temperature
model and contains somewhat inadequate dissociation rate model of a diatomic
molecule under thermal nonequilibrium. Nevertheless, the present sample calcula-
tions are made based on his flow calculations, bacause no exact fluid dynamical
solution has been presented so far for the shock layer region.

Temperature and pressure histories behind a shock wave calculated by Park [11] are
reproduced in Fig. 1. This was calculated under the conditions of initial pressure
P=0.1 Torr and shock Mach number M=30. The present calculations on nonequilib-
rium populations are made for the three points (a), (b), and (c) indicated in the figure.
The point (a) typifies the condition in the extremely thermal and chemical
nonequilibrium in the relaxation zone behind the shock wave, the point (b) the
condition shortly after the peak vibrational (electron) temperature, and the point ()
the near-equilibrium condition. The plasma parameters and the population density of
each species are given in Ref. 11, in detail.

Figure 2 shows the distributions of the population density per unit statistical weight
at the various electronic states of a nitrogen atom, plotted as a function of the
excitation energy from the ground state. Population densities for the Saha equilibrium
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Fig. 3. Population Distributions for N, Molecule and
N7, Ionic Molecule.

with free electron are also shown by the broken lines, each marked with the
corresponding electron temperature. The calculated nonequilibrium populations at
the points (a) and (b) are much larger in magnitude than the equilibrium ones for
almost all the excited states. The populations just below the inonization limit decrease
rapidly as the excitation energy increases owing to the effect of prompt inonization
from higher excited states, and approach the equilibrium populations. Such a
overpopulation causes radiation enhancement due to atomic processes. It should be
noted that, in spite of the extremely nonequilibrium populations, the slopes of the
distributions in the main region are almost the same as the equilibrium ones on the
whole, that is, the populatiion distributions are governed by the electron temperature
at the corresponding point. On the contrary, the point (c) is fairly near to the
equilibrium condition due to abundant free electrons. The transitions by heavy
particle collisions are practically negligible for all of the points considered.

In Fig. 3, the population density distributions for the nitrogen molecule and
nitrogen ionic molecule are plotted against the excitation energy. It is seen that the
distribution for the molecule at the point (a) does not coincide with both of the
distributions equilibrated with free electrons and heavy particles (broken lines marked
with 7,=16,000 K and with 7,=36,000 K, respectively). However, the distributions
at the other points agree well with the corresponding equilibrium distributions with
free electrons, because the excitation and deexcitation processes by electron impacts
are predominant over those by heavy particle impacts. For the point (a), the
populations at the C°IT, state of the nitrogen molecule and the B%Z, state of the
nitrogen molecular ion are relatively lower than those at the other states. This is
because that those states emit the second positive bands and the first negative bands,
respectively, at large radiative transition probalibities. Electronic excitation tempera-
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ture calculatd from the populations of the ground state and the A or B state is about
24,000 K but that from the populations of the B and C states is about 13,000 K, which
is fairly lower than the electron temperature. It should be noted that this figure does
not show the strict population distributions at the various electronic states because the
total population which distributes over all vibrational and rotaional states is
concentrated to the lowest vibrational state of each electronic state. It is understood
from this figure that nonequilibrium enhancement of molecular radiation occurs at the
early stage of the ralxation zone.

Figure 4 shows comparison of the distribution calculated at the point (a) (termed no
predissociation in the figure) with that including the effect of predissociation and
inverse-predissociation for the C>I1,, state (termed predissociation) and that excluding
the effect of all the heavy particle processes (termed e-collision only). The C state lies
above the dissociation limit of a nitrogen molecule (=9.76 eV). Therefore, it may be
significantly populated by the collisions between the two atoms through the
inverse-predissociation and depopulated by the predissociation. The inverse-
predissociation rate is calculated by multiplying the elastic collision frequency by the
Boltzmann factor based on the energy difference between the C state and the atomic
state with the assumption of the probability factor of unity. The predissociation rate
can be deduced by applying the principle of detailed balance. It is found that for the
plasma conditions considered, the effect of the predissociation is not so large, but that
of the heavy-particle impacts may be significant in the early stage of the relaxation.
The effect of the heavy particle impacts for the molecular ion process is negligibly
small because the electronic excitation cross section by an electron impact is so large,
as compared with that by the heavy particles. If the excitation by the heavy particle
collisions is neglected in the calculation, the populations at excited states and hence
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Fig. 5. Absorption Coefficient (in cm™") vs. Photon Energy.

molecular radiation may be underpredicted, at least, at the very early stage of the
relaxation even under the condition of the AOTV flight.

Based on the results of the population density in Figs. 2 and 3, absorption
coefficient of the nitrogen plasmas is calculated approximately. In the calculations,
the following transitions are taken into account. (1) N, first positive bands (v'=0-8,
1"0040-9), (2) N, second positive bands (v'=0-4, v'=0-10), (3) N, Vegard-Kaplan
bands (v'=0-8, v"=0-9), (4) N* first negative bands (v'=0-4, v'=0-5), (5) the
bound-bound transitions of N atoms, (6) the bound-free transitons of N atoms, and
(7) the free-free transitions of N atoms. Here, v’ indicates the upper vibrational
quantum number and v" the lower vibrational quantum number. The contributions of
the molecular bands and molecular ion bands are calculated by the smeared rotational
line model [12] modified to include the effect of the thermal and chemical
nonequilibrium. The atomic bound-bound transitions are claculated with the atomic
parameters in Ref. 13. The atomic bound-free and free-free transitions are calculated
by the approximate method by Biberman [14], in which the photo-ionization cross
section is taken from Ref. 15, and slightly modified to agree better with experiments
[16].

Figure 5 shows the absorption coefficient kv (in cm ') at the three points in Fig. 1 as
a function of the photon energy. Several broken lines in the region of Av=7to 11 eV
indicate the absorption by the bound-bound transitions at the point (a). Then, it is
assumed that the lines caused by the transitions have Doppler-broadened profile. It is
seen from the figure that the absorption by the atomic processes are predominant over
that by molecular bands. The contributions from the molecular processes are
desplayed in the figure by the rugged curves in the energy range of photon
hv=1-5 eV. The plasmas considered here satisfy the condition of kv«1, that is, the
plasmas are optically thin in almost all the energy range with exception in the very low
and very high energy regions.

Figure 6 shows emittance of the plasmas with assumed thickness of 1 cm. The
broken lines indicate the atomic lines. It is seen that, in the radiation calculations, the
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Fig. 6. Emittance vs. Photon Energy.

Vegard-Kaplan bands which appear in the energy region of hv=5 to 7€V, are
negligible. Theoretically, the emissions with energy of hvs5 eV and hv=1l eV are
mainly responsible for the radiative heating to the vehicle. However, in the real flight,
the radiation with the higher energy is not so large as expected, because that can be
considerably absorbed by a boundary layer developing over the vehicle.

5. CONCLUSIONS

The main conclusions are drawn from the above sample calculations as follows.
(1) The population densities at the electronic states of a nitrogen atom are much
larger in magnitude than the equilibrium ones in the early stage of the relaxation
region. In spite of it, the distributions themselves among the main states are
approximately determined by electron temperature. The effects of the heavy particle
impacts on the distributions are negligibly small.

(2) The population distributions at the electronic states of a nitrogen molecule show
the nonequilibrium characteristics in the very early stage of the relaxation region. In
addition, the heavy particle collisions have significant effect on the nonequilibrium
populations. The effect of the predissociation and inverse-predissociation processes
seems small.

(3) The emissions with hAvs=5 eV and hv=1l eV are mainly responsible for the
radiative heating to the vehicle. The plasmas are optically thin for the almost entire
photon energy range considered. The absorption characteristics of the plasmas are
largely governed by the atomic processes.
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