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This is one of an ongoing series of papers on collisional excitation of electronic states inN2,O2, NO, CO, CN, and

N�2 . In this paper,NOradiation observed in the test section of an arcjetwind tunnel is studied. In the experiments, NO

� and �were seen, �was not seen, and "was seen to be very weak. NO radiation is calculated with the use of the code

SPRADIAN07 to explain the measured spectra. It was found that inverse predissociation is mainly responsible for

the population of theNOC2�r state during recombination of N andOatoms. The population of theNOA2�� state is
mostly due to the radiative decay from the NO C2�r state. The NO D2�� state is excited from the C2�r state by

collisions. The NO B2�r state is populated by complicated collisional transition paths by passing through the

intermediate states a4�r and b4��. These interpretations at least qualitatively explain the experimental data.

Electronic excitation temperature is only remotely related to electron temperature.

Nomenclature

A = electronic state of the NO molecule, A2��

Ah = excitation rate parameter, cm3=s
Ar = radiative transition probability, s�1

a = electronic state of the NO molecule, a4�
B = electronic state of the NO molecule, B2�r

b = electronic state of the NO molecule, b4��

C = electronic state of the NO molecule, C2�r

D = electronic state of the NO molecule, D2��

E = electronic term energy, cm�1; energy, cm�1

g = statistical weight (multiplicity, degeneracy)
h = Plank constant, 6:6261 � 10�34 J � s
I = total band intensity,W=�cm3�
I� = specific intensity,W=�cm2 � �m � sr�
i = electronic state i of the NO molecule
J = rotational quantum number; rotational state
j = electronic state j of the NO molecule
Ke = excitation rate by electron collision, cm3=s
Kh = excitation rate by heavy-particle collision, cm3=s
Kivpr = rate coefficient for inverse predissociation, cm3=s
Kprd = rate coefficient for predissociation, s�1

kB = Boltzmann constant, 1:3807 � 10�23 J=K
k� = absorption coefficient, cm�1

M = colliding heavy particle or electron
m = mass, g=mol
n = number density, cm�3; excitation rate parameter,

Eq. (10)
p = pressure, atm
Q = partition function
S = spin angular momentum quantum number
SJ
0�0
J00�00 = rotational line strength factor (Hönl–London factor)
s = distance along a ray, cm
T = heavy-particle translational temperature, K
Td = activation temperature, K
Te = electron temperature, K
Tex = electronic excitation temperature, K

Tr = heavy-particle rotational temperature, K
Tv = vibrational temperature, K
t = time, s
v = vibrational quantum number, vibrational state
X = ground electronic state of the NO molecule, X2�r

x = distance from the nozzle exit
� = NO B2�r � X2�r transition
� = NO A2�� � X2�r transition
� = NO C2�r � X2�r transition
�K = Kronecker delta
" = NO D2�� � X2�r transition
"� = emission coefficient, W=�cm2 � �m � sr�
� = nonequilibrium factor
� = wavelength, Å or nm
� = orbital angular momentum quantum number about

the internuclear axis
� = frequency, Hz
� = cross section, cm2

	 = total mole fraction

Subscripts

A = electronic state of the NO molecule, A2��

a = electronic state of the NO molecule, a4�
B = electronic state of the NO molecule, B2�r

b = electronic state of the NO molecule, b4��

C = electronic state of the NO molecule, C2�r

D = electronic state of the NO molecule, D2��

e = electron
eq = under Boltzmann distribution
h = heavy particle
i = electronic state i of an atom or molecule
nq = under non-Boltzmann distribution
t = total
X = ground electronic state of an atom or molecule

Superscripts

0 = upper state
00 = lower state

I. Introduction

A RCJET wind-tunnel facilities have been used to test thermal
protectionmaterials. Arcjet nozzleflows have been known to be

in thermal and chemical nonequilibrium. Many experimental and
theoretical efforts have been made to characterize such flows.

Received 11 December 2008; accepted for publication 25 May 2009.
Copyright ©2009 by theAmerican Institute ofAeronautics andAstronautics,
Inc. All rights reserved. Copies of this paper may be made for personal or
internal use, on condition that the copier pay the $10.00 per-copy fee to the
Copyright ClearanceCenter, Inc., 222RosewoodDrive,Danvers,MA01923;
include the code 0887-8722/09 and $10.00 in correspondence with the CCC.

∗Postdoctoral Researcher, Department of Aerospace Engineering;
heinne@kaist.ac.kr. Student Member AIAA.

†Professor, Department of Aerospace Engineering. Fellow AIAA.
‡Professor, Department of Aerospace Engineering. Member AIAA.

JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 23, No. 4, October–December 2009

641

http://dx.doi.org/10.2514/1.42686


Park and Lee [1] developed a multitemperature nozzle flow
code. It was used to determine rotational, vibrational, and electron–
electronic temperatures by Park and Lee [1] and Babikian et al. [2] of
NASA Ames Research Center. They assumed that heavy-particle
translational temperature is equal to rotational temperature, and
vibrational temperatures of NO, N2, and O2 are different from each
other. Abe et al. [3] of Kyushu University introduced eight tempera-
tures to characterize arc-heated nozzle flows: that is, translational,
N2-, O2-, and NO-rotational; N2-, O2-, and NO-vibrational; and
electron temperatures.

In experimental studies, spectra from NO molecule have been
measured to characterize flows. NO has many radiative transition
band systems [4–6]. Important among them are NO ��A2���
X2�r�, ��B2�r � X2�r�, � (C2�r � X2�r), and " (D2���
X2�r). In 1994, Babikian et al. [2] reported uncalibrated NO spectra
measured in an arcjet facility, named the Aerodynamic Heating
Facility, in NASA Ames Research Center. They deduced rotational,
NO-vibrational, and electronic excitation temperatures from the
obtained spectra. The measured temperatures were Tr � 560,
Tv�NO� � 950, and Tex � 11; 500 K. In 1998 and 1999, Park et al.
[7,8] of NASA Ames Research Center also reported calibrated NO
spectrameasured in the same facility. The spectra [7] taken at 34.5 cm
from the nozzle exit in 1998 have exactly the same shape as the
spectra [8] obtained at 30 cm from the nozzle exit in 1999. They
also determined such temperatures by analyzing the obtained
spectra. Themeasured temperatures shown in the consecutive reports
were Tr within the ranges of 600 to 1000, Tv�NO� ’ 950, and
Tex � 12; 950 K.

Babikian et al. [2] performed flowfield computations and obtained
T � Tr � 560, Tv�NO� � 950, and Te � 6100 K. The measured
rotational and NO-vibrational temperatures showed fairly good
agreement with the temperatures determined in the flow calculation.
The spectra of NO � and � band systems calculated under the
assumption of Boltzmann excitation almost fit the measured data.
But there are still unanswered questions about themeasured tempera-
tures and the measured NO spectra. The electron temperature
determined in the flow computation (Te � 6100 K) is very different
from the electronic excitation temperature deduced from the experi-
ment (Tex � 11; 500 K): Te is generally accepted to be the same as
Tex because electronic excitation occurs very efficiently by electron
collisions. The observed Te ≠ Tex defies this assumption.

The NO spectra calculated by Babikian et al. [2] showed the
spectrum of NO � band system that was not seen in the measured
data. In the measurement of Park et al. [7,8], NO " radiation was
expected to be strong at wavelengths shorter than 2200 Å if the NO
D2�� state was populated under the Boltzmann distribution. But
such strong " radiation was not found in the measured spectra. These
abnormal phenomena of NO � and " in the arcjet flows were often
simply attributed to non-Boltzmann excitations of NO electronic
states [2,7,8]. But detailed excitation mechanisms have not been
systematically investigated. Abe et al. [3] also measured NO spectra
in an arc-heated wind tunnel in Kyushu University. The obtained
spectra, which was not calibrated, showed intense vibrational bands
of NO ��v0 � 0–3� and ��v0 � 0� in the wavelengths of 2200 to
2650 Å. The existence of the � and " band systems could not be
confirmed.

This is one of an ongoing series of papers [9–12] on collisional
excitation of electronic states in N2, O2, NO, CO, CN, and N

�
2 . The

purpose of this series is to verify the accuracy of the SPRADIAN07
[9–14] and the input data through computations of NO radiation
under both Boltzmann and supposedly non-Boltzmann excitations.
Boltzmann calculations for the spectra of NO �, �, �, and " are
numerically performed with the use of the SPRADIAN07. The code
assumes that a quasi-steady-state (QSS) condition [13–15] exists
among internal electronic states to calculate non-Boltzmann radia-
tion. Non-Boltzmann radiation was indirectly computed because of
the following:

1) The states of NO C2�r and D2�� and their collisional
excitation rates are presently not available in the code.

2) The excitationmechanismswere found to bevery different from
collisional process.

Collisional transition rates for available transitions are estimated
by the code.

The present work tries to qualitatively explain the excitation
mechanisms of NO electronic states for the data obtained by the two
groups [2,7,8] of NASAAmes Research Center. Inverse predissocia-
tion phenomena, sometimes referred to as preassociation or chemi-
luminescence, are introduced to do so. The effects of collisional and
radiative transitions are also qualitatively discussed.

II. Available Data

A. Flowfield

The temperatures and species number densities determined by
Babikian et al. [2] in the flow solution are tabulated in Tables 1 and 2.
They are the values at the point at which the experimental mea-
surements were made. The species number densities can contain
uncertainties because they were read from the figures in the work of
Babikian et al.

Asmentioned, Babikian et al. [2] determined rotational, electronic
excitation, and NO-vibrational temperatures by fitting the spectra
computed with the used of the modified version [5] of NEQAIR85
[16]with themeasured spectra. Themeasured temperatures are listed
in Table 1. In both thework of Babikian et al. [2] and Park et al. [7,8],
electronic excitation temperatures were determined by comparing
the intensities of NO � and � bands. The temperatures determined in
the flow solution are consistent with the measured temperatures
except for electron temperature: Te � 6100 K is significantly
different from Tex � 11; 500 K.

Flowfield data for the experiment of Park et al. [7,8] were not
available, but the temperatures deduced by them from the measured

Table 1 Experimental conditions and temperatures taken from Babikian et al. [2] and Park et al. [7,8]

Babikian et al. [2] Park et al. [7,8]

Flow solution Measured Measured (1998) Measured (1999)

�, Å —— 2; 250< � < 3; 050 2; 000< � < 2; 800
x, cm —— 35.6 34.5 30
Temperatures, K
T 560 —— —— 820� 250, 1; 640� 400
Tr 560 560� 50 850< Tr < 950 600< Tr < 1; 000
Tv�NO� 950 950� 50 	 950 
 950
Te 6,100 —— —— ——

Tex —— 11; 500� 520 12; 950� 800 ——

Table 2 Species number densities taken from

Babikian et al. [2]

Number densitiesa, cm�3

nN 5:56 � 1015 nO 2:72 � 1015

nN2
2:41 � 1015 nO2

3:96 � 1012

nN� 4:10 � 1012 nO� 1:28 � 1012

nNO 2:41 � 1013 nE� 5:56 � 1012

aAt p� 8:72 � 10�4 atm and T � 560 K.
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spectra were similar to those of Babikian et al. [2], as shown in
Table 1. Heavy-particle translational temperatures [8] determined
from the line widths were 820 and 1640 K at the settling chamber
pressures of 1:72 � 105 and 6:88 � 105 Pa, respectively.

B. Radiation

NO spectra are produced with the use of the code SPRADIAN07
in the present work. The code solves the radiative transfer equation,
dI�=ds� "� � k�I�, along a line of sight by assuming that emission
and absorption coefficients vary linearly between two given points.
The emission and absorption coefficients "� and k� are computed
using the line-by-line technique in this code. Electronic-vibrational
transition moments are taken from the works of Laux [5] and Laux
and Knucinnt [17] for NO �, �, �, and " band systems. The Hönl–
London factors SJ

0�0
J00�00 for

2� � 2� and 2� � 2� transitions are
formulated from Kovács [18] and corrected by the sum rule of [19–
21] X

SJ
0�0
J00�00 � �2 � �K;�0;�0��00���2S� 1��2J� 1�

Spin-orbit coupling constants [5,13,22] are 123:3 cm�1 for X2�r,
31:32 cm�1 for B2�r, and 3:0 cm�1 for C2�r. A more detailed
description on diatomic bound–bound transition contained in the
code can be found in [13,14].

Asmentioned, spectral intensities forNO � and � band systems are
computed under the Boltzmann excitation assumption. Those of NO
� and " are computed under the Boltzmann and non-Boltzmann
excitation; number density ratios among electronic states are deter-
mined from QSS equations to calculate non-Boltzmann radiation, as
shown later.

1. NO Spectra in 1994

TheNO spectra obtained byBabikian et al. [2] are shown in Fig. 1.
The present work calculates NO spectra under the Boltzmann
distribution by using the temperatures measured by Babikian et al.:
that is, T � Tr � 560, Tv�NO� � 950, and Tex � 11; 500 K, shown
in Table 1. The calculated spectra are also presented in Fig. 1.

The presently calculated spectra consisting of NO �, �, �, and "
systems cannot explain the measured data as shown in the figure. In
the measured spectra, the intensity of the ��0; 0� is weaker than that
of the ��0; 1�. But the intensity of ��0; 0� is stronger than that of the
��0; 1� in the calculated spectra. This is because the ��0; 0� band is
overlapped with the "�0; 5� band. The intensities of the ��0; 5–7�
bands in the calculated spectra are comparable with those of the
��0; 4–6� bands; the spectra calculated by Babikian et al. [2] under
the Boltzmann excitation also showed these ��0; 5–7� bands. But

there is no trace of the � bands that are clearly seen in the calculated
spectra.

In the present work, it was found that the spectra calculated with
Te � 6100 K under the Boltzmann, though not shown, also could
not explain the measured spectra shown in the bottom of Fig. 1:
temperature is too low to excite the NO C2�r state when the
calculated intensities of NO � band fit to those of the measured.
The ��0; 5–7� bands are also clearly shown in the calculated spectra.
It was also found that the measured spectra can be explained only
when the � and " radiations are completely excluded.

The presently calculated NO spectra are compared with those
computed by a free radiation software named Specair [23]. For
the convenience of comparison, a convolution-type slit function is
selected in the Specair calculation. The spectra calculated by
SPRADIAN07 and Specair, shown in the top of Fig. 1, are almost the
same, even though there are discernible differences in line positions
and intensities of the NO �. The difference of the line positions is
believed to be due to the difference in calculating spin-orbit splitting
for the ground electronic state of NO. The intensity differences
may come from the differences in electronic-vibrational transition
moments.

2. NO Spectra in 1998 and 1999

Figure 2 shows the spectra obtained by Park et al. [7] in 1998 (see
Table 1). As mentioned, the relative intensities of the spectra [8]
taken in 1998 are the same as those in 1999. Strong radiations mostly
come from the NO � and � bands, and the bands of NO ��0; 2� and
��0; 3� among them are the most intense with the band origins at
about 2055 and 2135 Å.

The spectra forNO �,�, �, and " band systems are calculated under
the Boltzmann with T � Tr � 900, Tv�NO� � 950, and Te �
12; 950 K as shown in Fig. 2. The spectra calculated with the use of
Specair [23] are also plotted for the comparison. The presently
calculated spectra are significantly different from the measured
spectra, as shown in the figure. The intensities of the "�0; 2–4� bands
are comparable with those of the ��0; 2–4� bands in the calculated
spectra. The � bands start to appear at wavelengths longer than
2620 Å. But one cannot find such intense spectral bands, especially
the " bands, in the measured data. The calculated intensity of the
��0; 0� appears higher than that of the measured intensity because it
overlaps with the "�0; 5� band.

The interesting feature is that spectral features with weak
intensities can be seen in the measured data near the wavelengths of
2020 and 2100 Å. They are believed to be NO "�0; 2� and "�0; 3�,
because their band origins are presently calculated to be 2019.9 and
2097.0 Å, respectively. At first, we thought that the two peaks were
from the highly excited vibrational states of NO � or � bands. But we

Fig. 1 Comparison of NO spectra calculated in the present work and

obtained byBabikian et al. [2]: (top) the present spectra consisting of NO

�, �, �, and " band systems and (bottom) the measured spectra.

Fig. 2 Comparison of NO spectra calculated in the present work and

obtainedbyPark et al. [7]: (top) the present spectra consisting ofNO�,�,
�, and " band systems and (bottom) the measured spectra.
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could notfind any states that could produce the observed bandorigins
and peaks.

3. Discrepancies

As mentioned previously and shown in Figs. 1 and 2, there are
discrepancies between the experimental measurements and the
theoretical computations. First, there are no NO � and only very
weak " band systems in the data obtained by Babikian et al. [2] and
Park et al. [7,8]. Second, the electron temperature value of 6100 K
determined byBabikian et al. [2] in the flow solution is very different
from the electronic excitation temperature value of 11,500 K mea-
sured by Babikian et al. These phenomena cannot be explained by
the existing theories on nonequilibrium radiation [15].

III. Interpretation of NO Spectra in Arcjet Flows

A. Literature Survey

To find an explanation to the two anomaliesmentioned previously,
the following inquires were made. Sharp and Rusch [24] observed
airflow at wavelengths between 1900 and 2300 Å in the nighttime
thermosphere of the Earth. Groth et al. [25] experimentally studied
the reaction of ground state N and O atoms at a pressure of less than
5 � 10�2 torr in a laboratory. They obtained a synthetic spectrum
consisting ofNO �, �, and " at thewavelengths of 1900 to 3400Å and
a spectrum from NO C2�r � A2�� transition at the wavelengths
of 1.0 to 1:8 �m. In the spectra obtained by the two groups, intense
spectra of NO ��v0 � 0� and ��v0 � 0� were seen, but intensities of
NO " bands were much weaker. Sharp and Rusch [24] calculated the
transition probability of theC2�r � A2�� to be about 5:6 � 106 s�1

for the C2�r � X2�r transition probability of 2:1 � 107 s�1 under
the assumption of absence of quenching of the A2��. Groth et al.
[25] also determined this transition probability to be 1:35 � 107 s�1

under the assumption that C2�r � X2�r transition probability was
2:2 � 107 s�1. TheC2�r�v� 0� excitation phenomenon was called
as NO chemiluminescence by Sharp and Rusch [24] and NO inverse
predissociation by Groth et al. [25].

The spectra obtained by the two groups mentioned previously
closely resemble those of Babikian et al. [2] and Park et al. [7,8]. The
spectra of Groth et al. [25] and Park et al. [7,8] are compared in Fig. 3.
The intensity of the NO ��0; 2� of Groth et al. [25] is only slightly
lower, and the intensities of most of NO � bands are only slightly
higher than those of Park et al. [7,8]. The relative intensities of NO
"�0; 2–4� bands are very small, as mentioned. None of the NO �
bands in the spectra obtained byBabikian et al. [2] can be found in the
measured spectra of Groth et al. [25].

In the quenching experiment of Scheingraber andVidal [26], a NO
spectrumwasmeasured after following the excitation of aC2�r�v�
0� state at a pressure of less than 0.1 torr. Though not shown, the

spectrum showed intense NO � and � bands, which are also nearly
close to the spectra obtained by Park et al. [7,8]. It indicates that the
excited level only decays into theX2�r and the A2���v� 0� states.

Many studies [5,24,25,27–35] have been performed to understand
populations of NO electronic states in recombination reaction of
N and O atoms. For the recombination reaction of N and O atoms,
excitations of NO electronic states and their generally accepted
transitions [5,24,25,27–30,33–35] can be summarized as follows.

Group I:

N �4S� � O�3P� � NOa4�� NOC2�r�v� 0� (1)

NO C2�r�v� 0� ! NOX2�r � h� �NO ��

Group II:

NO C2�r�v� 0� ! NOA2�� � h� �NOC � A� (2)

NO C2�r�v� 0� �M! NOA2�� �M (3)

NO A2�� ! NOX2�r � h� �NO ��

Group III:

NO C2�r�v� 0� �M! NOD2���v� 0� �M (4)

NO D2���v� 0� ! NOX2�r � h� �NO "�

Group IV:

N �4S� � O�3P� �M! NO a4��M (5)

NO a4��M! NO b4�� �M �path 1� (6)

NO a4��M! NOB2�r �M �path 2� (7)

NO b4�� �M! NOB2�r �M �path 1� (8)

NO b4�� ! NO a4�� h� �NOOgawa� (9)

NO B2�r ! NOX2�r � h� �NO��

Here, M represents colliding particles, including electrons. In the
present work, the excitation of the D2���v� 0� state expressed in
Eq. (4) is newly proposed.

Excitation rates for heavy-particle collisions Kh are expressed in
SPRADIAN07 in the form

Kh�i; j� � Ah
�
T

6000

�
n

exp

�
�Td
T

�
(10)

Here, Ah, n, and Td are the excitation rate parameters. These values
[10,13] contained in the code are shown in Table 3. Excitation rates
for electron collisions (Ke) are calculated in the code using electron
collision energies and their corresponding cross sections and
Franck–Condon factors. The detailed values for available transitions
are described elsewhere [9,13,15]. Predissociation, collisional, and

Fig. 3 Comparison of NO spectra measured by Park et al. [7] and

Groth et al. [25].
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radiative transition rates not contained in SPRADIAN07 are found in
literature, as shown in Table 4.

B. Population Mechanism of NO Electronic States

1. NO C2�r State

Equation (1) represents that the NO C2�r�v� 0� state is
populated by inverse predissociation. Inverse predissociation occurs
as a result of level crossing in potential energy curves and a large
transition probability between the crossing states. In Fig. 4, inter-
action potentials of NO electronic states are constructed in this work
from the known spectroscopic constants [4,13], but those of the NO
a4�r and b4�� states are taken from the works of Scheingraber and
Vidal [26] and Gadd and Slanger [33]. The energy level of the
C2�r�v� 0� is located very close to the dissociation limit
[26,28,31–33,35,37,38] of the X2�r. The a4� state crosses the

C2�r state at a point slightly above the C2�r�v� 0� level. This
suggests that theC2�r state is populated via the a4� state by inverse
predissociation, because the X2�r and a4� states have the same
electronic configuration in their dissociated states, as shown in Fig. 4.
For this reason, the a4� and C2�r states are likely to be in
equilibrium with the ground electronic states of atoms N�4S� and
O�3P�.

AtomsN andO should bemostly in their ground states. First, there
are large number of N and O atoms, as shown in Table 2. Such large
number densities are possible at T � 560 K, because the flow is in
thermochemical nonequilibrium. The hypothetical number density
of NO in equilibrium with these N and O number densities at
T � 560 K is 5:01 � 1064 cm�3, which is much larger than nNO �
2:41 � 1013 cm�3 given in Table 2; if N and O atoms were equili-
brated with a NOmolecule, they cannot exist at T � 560 K, because
they all recombine to form a NO molecule.

Second, distributions of electronic states of N and O atoms are
computed with the use of SPRADIAN07 under both Boltzmann and
non-Boltzmann excitations by using the values of Tables 1 and 2. The
Boltzmann distributions of the atomic electronic states are calcu-
lated as

ni � nt
Qi

Qt

� nt
gi exp��Ei=kBTe�P
i

gi exp��Ei=kBTe�
(11)

The determined ni are listed in Table 5. The non-Boltzmann distri-
butions of electronic states are calculated by determining non-
equilibrium factor �i [13–15]. Detailed procedures are described in
[13–15]. The number densities due to non-Boltzmann excitation
(ni;nq) were determined by multiplying the ni by the determined �i,
as tabulated in Table 5. Thus, atoms N and O are mostly in their
ground states of N�4S� and O�3P� under both the Boltzmann and
non-Boltzmann distributions.

A master equation for the NO C2�r state for predissociation is
expressed as

Table 3 Bound–bound electronic excitation rate parameters of NO by heavy-particle collisions [10,13]

1–2, X2�r � a4� 1–3, X2�r � A2�� 2–4, a4� � B2�r 4–5, B2�r � b4��

Mh
a Ah

b n Td Ah n Td Ah n Td Ah n Td
N 4:15�10 0.506 55,751 1:54�10 0.496 62,912 1:94�10 0.500 10,763 4:35�10 0.499 3,850
O 5:75�10 0.506 55,751 1:54�10 0.496 62,912 1:94�10 0.500 10,763 4:35�10 0.499 3,850
N2 1:23�15 0.506 55,751 2:43�13 0.496 62,913 1:38�11 0.500 10,763 3:10�11 0.499 3,850
O2 7:86�11 0.506 55,751 2:30�10 0.496 62,912 4:08�10 0.500 10,763 9:14�10 0.499 3,850
NO 1:11�09 0.506 55,751 3:47�10 0.496 62,912 6:35�10 0.500 10,763 1:42�09 0.499 3,850

aColliding heavy particle.
b0:00�00 � 0:00 � 10�00.

Table 4 Predissociation, collisional, and radiative transition rates

Transition Rate, s�1 Ref. (year)

Kprd C2�r�v� 0; J > 4:5� ! N�4S� � O�3P� >3 � 108 [5] (1993)
Kh C2�r ! D2�� Equation (18) [5] (1993)
Ke C2�r ! D2�� Equation (19) [13] (2009)
Ar C2�r ! X2�r � A2�� 3:3 � 107 [5] (1993)
Ar C2�r ! A2�� 5:6� 1:5 � 106 [24] (1981)
Ar C2�r ! A2�� 1:35 � 107 [25] (1971)
Ar

a C2�r ! A2�� 9:57 � 106 [26] (1985)
Ar B2�r ! X2�r 1:42 � 106 [13] (2009)
Ar A2���v� 0� ! X2�r 5:08 � 106 [5] (1993)
Ar A2���v� 0� ! X2�r 4:85 � 106 [36] (1999)
Ar C2���v� 0� ! X2�r 2:01 � 107 [5] (1993)
Ar D2���v� 0� ! X2�r 3:78 � 107 [5] (1993)
Ar D2���v� 0� ! X2�r 4:08 � 107 [36] (1999)

aDeduced from the ratio I�C;A� � �I�C;X� � I�C;A�� � 0:29 and Ar�C;X � A� � 3:3 � 107.

Fig. 4 Excitations and transitions of NO C2�r and A2�� states.
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where the X, A, and C stand for the states of NO X2�r, A2��, and
C2�r. The predissociation rateKprd for the energy states higher than
the C2�r�v� 0; J > 4:5� level is larger than 3 � 108 s�1 [5]. The
values of Ar�i; C� are presently not available. The term of
Ar�C;X=A� represents radiative decay rates from the C2�r state to
both the X2�r and A2�� states, and its value is about 3:3 � 107 s�1

[5].
Collisional transition rates by electron impacts and heavy-particle

impacts were found to be much smaller than the radiative decay rate,
as shown in the following subsections. When the detailed balances
are applied as done by Laux [5], the master equation can be rewritten
in the form of a QSS equation as

nC
neq;C

�
Kprd

Kprd � Ar�C; X=A�
(13)

Equation (13) approximately becomes 1, because the radiative decay
rate is less than the predissociation rate by an order of magnitude. It
indicates that the Boltzmann number density of the C2�r state is
equal to that of the non-Boltzmann. Thus, the NO C2�r state is
directly populated by inverse predissociation, and its state is nearly in
equilibrium with the predissociation state [i.e., N�4S� and O�3P�
atoms]. The transition from the C2�r to the X2�r is expected to
result in intense NO � radiation.

2. NO A2�� State

The A2�� state is populated by radiative decay of the C2�r�v�
0� state and collisions, as shown in Eqs. (2) and (3) and Fig. 4. The
QSS equation for the NO A2�� can be written as

nA
nC
� Kh�C;A�nh � Ke�C; A�ne � Ar�C;A�
Kh�A;X�nh � Ke�A;X�ne � Ar�A;X�

(14)

As mentioned, the radiative transition from theC2�r to the A2��

produced infrared spectrum [25,39]: the values of Ar�C;A� are
5:6 � 106 s�1 [24] and 1:35 � 107 s�1 [25]. According to Sharp and
Rusch [24], collisional transition [Eq. (3)] is not very effective to
populate the A2���v� 0� level. The states of A2���v� 1; 2� are
mostly populated by collisional excitations, but v0 � 1 and 2 states
were not seen in the obtained spectra of Babikian et al. [2] and Park
et al. [7,8]. The Ke and Kh for the C2�r � A2�� transition are not
taken into account in this work because they are presently not
available. Thus, Eq. (14) implies that the radiative decay of theC2�r

state is mostly responsible for the population of the A2�� state.

The value of Ar�A�v� 0�; X� is about 4:97 � 106 s�1, which is
the average value of 5:08 � 106 [5] and 4:85 � 106 s�1 [36]. The
transition rates Kh and Ke for the A2�� � X2�r transition were
estimated with the use of SPRADIAN07 for the conditions of
flowfield data given in Tables 1 and 2. The calculated rates by
electron impacts are Ke�X; A� � 1:51 � 10�15 and Ke�A;X��
1:65 � 10�10 cm3=s. The calculated average rates by N, O, N2, O2,
and NO collisions are Kh�X; A� � 5:98 � 10�60 and Kh�A;X��
2:03 � 10�10 cm3=s. These two excitation rates are too small to
excite NO electronic states from the ground state. The deexcitation
rate Ke�A;X�ne is much less than Ar�A;X�. That of Kh�A;X�nh is
2:17 � 106 s�1, which is comparable with Ar�A�v� 0�; X�.

The number density ratios of the A2���v� 0� to C2�r�v� 0�
states are approximately calculated from Eq. (14):

nA�v�0�
nC�v�0�

�
�
0:784 when Ar�C;A� � 5:60 � 106 s�1

1:89 when Ar�C;A� � 1:35 � 107 s�1
(15)

with Ar�A�v� 0�; X� � 4:97 � 106 s�1, as mentioned. The total
band intensity ratios become

INO;��v0�0�
INO;��v0�0�

�
nA�v�0� � Ar�A�v� 0�; X�
nC�v�0� � Ar�C�v� 0�; X�

�
�
0:194 when Ar�C;A� � 5:60 � 106 s�1

0:467 when Ar�C;A� � 1:35 � 107 s�1
(16)

Here, Ar�C�v� 0�; X� is 2:01 � 107 s�1 [5]. These ratios imply that
the transition from A2�� to X2�r causes strong NO � radiation in
addition to NO � radiation.

Table 5 Populations of atomic electronic states

Configuration Term gi Ei, cm�1 ni, cm�3, % �i ni;nq, cm�3

Atom N
2s2:2p3 4S 4 0.000 5:41 � 1015 (97.23) 1.00 5:41 � 1015

2s2:2p3 2D 6 19,224.465 8:70 � 1013 (1.57) 1.00 8:70 � 1013

2s2:2p3 2D 4 19,233.178 5:79 � 1013 (1.04) 1.00 5:79 � 1013

2s2:2p3 2P 2 28,838.920 3:00 � 1012 (0.0540) 1.00 3:00 � 1012

2s2:2p3 2P 4 28,839.307 6:00 � 1012 (0.108) 1.00 6:00 � 1012

Atom O
2s2:2p4 3P 5 0.000 1:52 � 1015 (55.82) 1.00 1:52 � 1015

2s2:2p4 3P 3 158.265 8:77 � 1014 (32.27) 1.00 8:77 � 1014

2s2:2p4 3P 1 226.977 2:88 � 1014 (10.58) 1.00 2:88 � 1014

2s2:2p4 1D 5 15,867.862 3:60 � 1013 (1.32) 1.00 3:60 � 1013

2s2:2p4 1S 1 33,792.582 1:05 � 1011 (0.00386) �1:00 1:05 � 1011

2s2:2p3:�4S
�:3s 5S
 5 73,768.203 4:22 � 1007 (� 1) 0.0663 2:80 � 1006

Fig. 5 Excitation and transition of NO D2�� state.

646 HYUN, PARK, AND CHANG



3. NO D2�� State

The state of the NO D2���v� 0� was proposed to be excited
from the C2�r�v� 0� state by the collisional process, because the
electronic term energy difference between the two states is only
about 900 cm�1. Even though the a4� state crosses theD2�� state,
predissociation is not known to occur. Equation (4) and Fig. 5
describe such collisional excitationmechanisms of theD2���v� 0�
state.

The QSS equation for the NO D2�� can be written as

nD
nC
� Kh�C;D�nh � Ke�C;D�ne

Ar�D;X�
(17)

The value of Ar�D�v� 0�; X� is about 3:89 � 107 s�1, which is the
average value of 3:78 � 107 s�1 [5] and 4:08 � 107 s�1 [36]. The
excitation rateKh�C;D� is not available in SPRADIAN07, but it was
estimated by referring to the work of Laux [5] as

Kh�C;D�nh � 0:3 � 1010p	h

��������
300

T

r
� 1:39 � 106 s�1 (18)

using the flow properties given by Babikian et al. [2]: that is,
T � 560 K, p ’ 8:72 � 10�4 atm, 	h � 0:724, and nh � 8:28 �
1015 cm�3 (see Tables 1 and 2), where subscript h contains the N and
O atoms. The excitation rate Ke�C;D� was estimated as

Ke�C;D� � � �
�������������
8kBTe

me

s
exp

�
��E�C;D�

kBTe

�

� 3:93 � 10�8 cm3=s (19)

where cross section � is assumed to be about 10�15 cm2, and
�E�C;D� is 900 cm�1. The value of Ke�C;D�ne is 2:18 � 105 s�1,
which is consistent with the values estimated in SPRADIAN07,
though not shown here. From these, it follows that

nD�v� 0�
nC�v� 0� � 0:0412 (20)

INO;"�v0�0�
INO;��v0�0�

� nD � Ar�D�v� 0�; X�
nC � Ar�C�v� 0�; X� � 0:0798 (21)

Here, Ar�C�v� 0�; X� is 2:01 � 107 s�1 [5]. Thus, total band
intensity of the NO " is weaker than those of the NO � and � band
systems, as in the obtained spectra of Park et al. [7,8], Sharp and
Rusch [24], and Groth [25].

4. NO B2�r State

As indicated in Eqs. (5–9), the excitation process for the NOB2�r

state is more complicated than for other states, and its population is
not related to inverse predissociation of theC2�r state. The possible
excitation paths are shown in Fig. 6. Even though the A02�� state
[40] crosses the B2�r state, predissociation is not known to occur.
The B2�r state is populated only by three body collisions via the
intermediate states a4� produced through Eq. (5) and b4��

produced through Eq. (6) ([27–30,33,34] and references therein).
Campbell and Mason [30], who measured the quenching rates

of B2�r�v� 0–3�, showed that the B2�r�v� 0; 3� states are
quenched more rapidly than the B2�r�v� 1; 2� levels. They
mentioned that the intermediate state of the b4�� plays significant
roles in population of the B2�r levels by providing spin con-
servation, the degree of wave function overlap, and the modulus of
energy defect. This is path 1 in Fig. 6 [Eqs. (5), (6), and (8)]. Path 2 in
Fig. 6 [Eqs. (5) and (7)] is due to the perturbation of the specified
levels of the a4� state to allow spin-forbidden a4� � B2�r

collision-induced transition. According to Ottinger andVilesov [34],
the a4��v� 8; J� 10:5� and a2��v� 12; J� 17:5� levels are in
very close energy resonance with the B2�r�v� 0; J� 10:5� and
B2�r�v� 3; J� 17:5� levels, respectively.

The master equation for the B2�r state can be written as

@nB
@t
� Kh�a; B�nanh � Kh�b; B�nbnh � Ke�a; B�nane

� Ke�b; B�nbne �
X
i

Ar�i; B�ni

�
�
Kh�B; a�nh � Kh�B; b�nh � Ke�B; a�ne

� Ke�B; b�ne �
X
i

Ar�B; i�
�
nB (22)

Here, a, b, and B represent the electronic states a4�, b4��, and
B2�r. The excitation rates Kh, Ke, and Ar�B;X� are estimated with
the use of SPRADIAN07. They are Kh�a; B�nh � 2:28 � 10�3,
Kh�b; B�nh � 1:46 � 106, Ke�a; B�ne � 4:86 � 103, Ke�b; B�ne�
1:34 � 104 s�1, and Ar�B;X� � 1:42 � 106 s�1. The values of
Ar�i; B� are not available in the code. The values of Ke�h� are much
less than those for the transition between theC2�r andD2�� states,
except that of Kh�b; B�nh. The population with the Kh�b; B�nh
was expected to become small, because the b4�� state is mostly
populated from the a4� state with Ke�a; b�ne � 1:09 � 104 s�1

in SPRADIAN07. The intensities of NO � bands are expected to be
much weaker than those of the NO " bands because of relatively
small collisional excitation rates and radiative transition probability.
For these reasons, the NO � band system was not seen in the spectra
obtained by Babikian et al. [2] and Park et al. [7,8].

C. Quasi-Steady-State Assumption

AQSS assumption has been known to bevalid for the conditions of
most experiments. Babikian et al. [2] and Park et al. [7,8] obtained
spectra at different points from the nozzle exit in different years, as
shown in Table 1. The fact that the three reported spectra have the
same profiles indicates that the QSS assumption is valid for the arcjet
experiments performed by them. The validity of the QSS assumption
is examined for the electronic states of the NO molecule by
introducing �t as a time scale of change of conditions: �t has an
order of 10�4 s in the arcjet flows. More detailed descriptions can be
found in [12,41].

As shown in the excitationmechanisms, theNOA2��,C2�r, and
D2�� states are satisfied with the QSS assumption, because the
excitation rates and radiative decay rates have very large values
compared with 1=�t. For the B2�r state, its radiative decay rates
(which are the dominant terms in the sum of the outgoing rates) are
much larger than thevalue of 1=�t. The leading terms in its incoming
rates are written from Eq. (22) as

Fig. 6 Excitations and transition of NO B2�r state.

HYUN, PARK, AND CHANG 647



Kh�b; B�nh
nb
nB
� 1:46 � 106

nb
nB

s�1 (23)

The ratio nb=nB was estimated to be not much different from 1,
because the B2�r state populates through the b4�� state, as shown
in Eq. (8). Thus, theQSS assumption appears to be valid for the given
conditions shown in Tables 1 and 2.

D. Electronic Temperatures

As shown in Eq. (13), theNOC2�r state is in equilibriumwith the
ground states of the N and O atoms. The A2�� state is in a quasi-
steady state between its outgoing rate and the incoming rate from the
C2�r, as shown in Eq. (14). The two states can be described by one
electronic excitation temperature TC;ex. But the NOB2�r andD2��

states are not equilibrated with the C2�r or A2�� states. Their
electronic temperatures become different from those of the C2�r or
A2��. Thus, electron temperature Te cannot generally characterize
the electronic states of the NOmolecule, and it also does not have to
be the same as electronic excitation temperatures Tex.

From these facts, the electronic temperature for the NOC2�r and
A2�� states is estimated as

TC;ex �
�E�C; A�

kB � ln ��nA=nC��gC=gA��
(24)

where�E�C;A� is 8210 cm�1 andgC=gA is 2. As shown in Eq. (15),
the ratio nA=nC are 0.784 or 1.89 forAr�C;A� � 5:60 � 106 [24] and
1:35 � 107 s�1 [25], respectively. Thus, the calculated electronic
temperatures are 26,240 and 8880 K. The values of 11,500 and
12,950 K measured by Babikian et al. [2] and Park et al. [7,8] are
between these two values. But the spectra calculated with T � Tr �
560 (or 900), Tv�NO� � 950, and TC;ex � 26; 240 K, though not
shown here, are very different from the obtained spectra. The
calculated spectra with TC;ex � 8880 K show that this temperature is
slightly too low to explain the acquired spectra.

Scheingraber and Vidal [26] found the branching ratio
I�C;A�=�I�C;X� � I�C;A�� to be about 0.29 in their quenching
experiments. This ratio implies that Ar�C;A� should be about
9:57 � 106 s�1 for theAr�C;X=A� � 3:3 � 107 s�1 [5]. This value is
approximately equal to the average value of 5:60 � 106 [24] and
1:35 � 107 s�1 [25]. Thus, the electronic temperature TC;ex for
Ar�C;A� � 9:57 � 106 s�1 becomes 11,980K, which is very similar
to the 11,500 and 12,950 K values measured by Babikian et al. [2]
and Park et al. [7,8].

Figure 7 shows the spectra calculated with T � Tr � 560,
Tv�NO� � 950, and TC;ex � 11; 980 K in this work. The electronic-
vibrational number density ratio nD�v�0�=nC�v�0� is calculated in the
present work to be about 0.468 at TC;ex � 11; 980 K under the
Boltzmann distribution. The correct value of the ratio under the non-

Boltzmann distribution calculated from Eq. (20) is 0.0412. The ratio
between the values is 0.0881. To obtain the non-Boltzmann values of
NO " bands, their Boltzmann intensity values must be multiplied by
0.0881. The electronic excitation temperature of the NOD2�� state
(corresponding to the ratio 0.0412) is presently determined to be
TD;ex � 8680 K. TB;ex for the B2�r state is expected to be less than
that of theD2�� state, as mentioned earlier. In the calculation, TB;ex
was assumed to be 8680 K. The spectra calculated using these
excitation temperatures are almost the same as the measured data, as
presented in the figure.

E. Uncertainties

When allKh�i; j� given in Table 3 are increased and decreased by a
factor of 2, TC;ex changes from 11,980 K given previously to 16,390
and 10,260K, respectively. The 10,260 K value leads to the intensity
ratios of NO � to � bands that are nearly the same as the measured
values. However, the 16,390 K value leads to the ratios that are
discernibly different from the measured values. Therefore, the Kh
values in Table 3 are approximately the highest possible values that
are compatible with the experimental data. This is partly expected:
the rate parameter values for the Kh�A;X� are deduced from the
quenching rate data obtained at a temperature of up to 4000 K [10].
The Kh�C;D� value expressed in Eq. (18) is from experiments also.

Asmentioned earlier, the present work uses the radiative transition
rates measured by Sharp and Rusch [24], Groth et al. [25], and
Scheingraber and Vidal [26] for the NO C2�r to A2�� transition.
The value of Scheingraber and Vidal is the most recent and is
approximately the average between the other two data values (see
Table 4).

One-dimensional flowfield computation similar to that by
Babikian et al. [2] was carried out along the center line of the nozzle
in the present work with the use of a nozzle code named NOZ5T,
originally developed by Park and Lee [1]. The calculated species
number densities were not much different from those of Babikian
et al. [2] shown in Table 2, except for O2. The temperatures were
calculated to be Te � Tv�N2� � 3900, Tv�NO� � 1120, and T �
Tr � 820 K instead of Te � 6100, Tv�N2� � 3310, Tv�NO� � 950,
and T � Tr � 560 K given by Babikian et al. [2]. TC;ex � 10; 640
and TD;ex � 7680 K were obtained from Eq. (24) with Ar�C;A� �
9:57 � 106 s�1 instead of TC;ex � 11; 980 and TD;ex � 8680 K given
previously. With all of these variations, the relative intensities of
calculated spectra with these temperatures, though not shown here,
were nearly the same as the calculated spectra shown in Fig. 7.

To determine the absolute intensities measured by Park et al. [7,8],
at least two-dimensional flowfield computation must be performed,
including the mixing phenomenon between the nozzle flow and the
surrounding test-chamber flow. Because the conditions of the test
chamber are not given in the works of Babikian et al. [2] and Park
et al. [7,8], this calculation is presently not possible.

IV. Conclusions

The code SPRADIAN07 and its input data were used to estimate
the collisional and radiative effects on the excitations of NO
electronic states and to produce NO spectra. The excitation mecha-
nisms for NO electronic states were qualitatively explained by
introducing the models of inverse predissociation and collisional
transitions. In the environments in which recombination of N and O
atoms actively occur, such as at the conditions of the nozzle exit
of arcjet flows, inverse predissociation directly populates the NO
C2�r�v� 0� state. TheC2�r�v� 0� statewas found to be related to
the intense emissions of NO � and � band systems. Collisional
excitations are related to the emissions ofNO " and�, but their effects
were found to be very small. Electronic excitation temperature for
the NOA2�� andC2�r states was determined to be about 11,980 K
from the known radiative decay rates, and it was almost the same as
the measured values. The spectra reproduced with the determined
electronic temperature showed good agreement with the measured
data.

Fig. 7 Comparison of NO spectra calculated with Tex � 11; 980 K and
obtained by Babikian et al. [2] and Park et al. [7,8]: (top) the present

spectra consisting of NO �, �, �, and " band systems and (bottom) the

measured spectra.
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