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Abstract Optical emission spectroscopy experiments are
carried out by recording the radiation from the γ transitions
of nitrogen monoxide in an air inductively coupled plasma
in interaction with a water-cooled metallic flat plate at mod-
erate pressure. The calibrated results allow to derive the vi-
brational and rotational temperatures of the NO(A2Σ+) ex-
cited state as well as its densities in the free jet and within
the boundary layer by comparison with calculated spectra.
Those results are compared with previous ones concerning
temperatures and densities of the ground states of the ma-
jority species (N2, O2 and NO) that were obtained by laser
techniques. As for the NO(X2Π) ground state, vibration
and rotation of the excited state are found out of equilib-
rium. The NO(A2Σ+) excited state is found to be populated
by an energy transfer from the metastable N2(A3Σ+

u ). The
steady state of the plasma allows using this property to de-
rive N2(A3Σ+

u ) densities and N2 electronic excitation tem-
peratures. Close to the wall, a production of excited NO by a
catalytic process is also considered involving N2(A3Σ+

u ) as
source of adsorbed atoms. The present results confirm that
the kinetic temperature cannot be compared to the rotational
temperature derived from optical emission spectroscopy in
such plasma conditions.

1 Introduction

The re-entry of a space vehicle in the atmosphere of Earth
benefits from a 50-year experience, from the first manned
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orbital missions to the space shuttle flights, and in particu-
lar from the Apollo missions coming back from the Moon.
Reusable materials were developed that ensure a safe re-
entry for velocity smaller than 8 km/s. For larger velocities,
ablative materials as those used for the solar system explo-
ration missions are preferred. The projected sample return
missions and eventually manned missions to Mars will re-
quire large entry velocities (up to 15 km/s) in the Martian
atmosphere as well as in the Earth atmosphere in order to
limit the journey duration. Such high velocities challenge
the actual knowledge in non-equilibrium plasma physico-
chemistry especially concerning non-equilibrium radiative
fluxes, radiative ablation products and catalycity of materi-
als.

The existing physical and chemical models met some
success in predicting ground state densities including in
non-equilibrium conditions, but failed to deal with excited
species [1, 2]. Vibrational specific [3, 4] or electronic spe-
cific [5] collisional-radiative models that are in develop-
ment are expected to bring the needed answers. Neverthe-
less, some test cases are necessary to validate such mod-
els, and the purpose is to fully characterize some plasmas
in interaction with thermal protection system (TPS) mate-
rials [6]. This means measuring ground state densities as
well as excited states’ densities and determining the en-
ergy distribution in internal modes or temperatures when
they are suitable. Temperatures are indeed one of the easi-
est data to obtain especially through optical diagnostic tech-
niques. Optical emission spectroscopy (OES) is a powerful
tool to get those temperatures when equilibrium is ensured
between ground state energy modes and excited state en-
ergy modes [7–9]. However, some assumptions about equi-
librium between energy storage modes should be made very
carefully in some non-equilibrium plasmas. Nevertheless,
OES is often used as a temperature diagnostic method in in-
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ductively coupled plasmas [10–14] as well as in arc-jets [15,
16]. The usual assumptions about the equilibrium between
rotation and translation, or between vibration and electronic
excitation and/or electron should take into account the ways
internal modes are populated, and they depend on the pres-
sure, the surface interactions, the plasma production process,
the electron density, the kinetic temperature, etc. A limi-
tation of the thermal description of those non-equilibrium
plasmas to a strict two-temperature model may lead to sig-
nificant errors.

On the other hand, the characterization of the plasma
cannot be limited to the knowledge of ground state behav-
iors because many critical processes during an atmospheric
re-entry involve excited particles and especially metastable
particles. At high entry velocities in air, the radiative energy
term becomes as important as the convective energy term.
The transfer of that energy to the spacecraft wall is a key
issue [17]. Many experimental studies were conducted on
air plasma in the frame of atmospheric entry activities or for
other purposes. The difficulty is often to gather all the di-
agnostic techniques that are necessary to track most of the
majority species of the plasma. Desportes [18] studied an
air plasma flow in the same facility as described below but
with a quite higher specific enthalpy, and detected emission
from atomic oxygen and nitrogen as well as from molecules:
N2 first and second positive systems, N+

2 first negative sys-
tems and ε and γ bands of NO. The aim of this paper is to
complete the characterization of a moderate pressure non-
equilibrium plasma expected to reproduce atmospheric en-
try shock layer conditions. It is a prospective study concern-
ing the issue of interaction of plasmas with TPS materials
and the role of catalycity. After a description of the facility
and experimental set-up and after recalling the main results
of previous studies about ground state species [19, 20], we
focus on the results of NO emission spectroscopy concern-
ing temperatures and densities. Those data are then analyzed
together with previous ground state results to feed a discus-
sion about the excitation processes in the plasma and about
non-equilibrium between the energy storage modes.

2 Plasma wind tunnel

The experiments were carried out in the CORIA research
center 100 kW inductively coupled plasma wind tunnel.
The plasma generator is made of a quartz tube whose in-
ternal/external diameters are 72/80 mm surrounded by five
RF water-cooled coils. The 1.7 MHz oscillations are en-
sured by a triode. The gas injection is mainly (95%) annu-
lar and weakly swirled (10°). The plasma is conventionally
ignited with argon then switched to synthetic air (80% ni-
trogen and 20% oxygen). A weak amount of air (5%) is
injected axially to maintain the plasma between coils. The

Fig. 1 Free jet, boundary layer and coordinate system

plasma expands in a cylindrical test chamber (0.5 m in di-
ameter). It is water-cooled and equipped with three optical
access ports around, that are movable even when the pres-
sure in the chamber is low. During this campaign, the power
sent to the inductor was 42 kW and the mass flow rate was
fixed to 2.4 g/s. Considering an efficiency coupling esti-
mated at 50 ± 10%, those values correspond to a specific
enthalpy close to 9 MJ/kg and a plasma jet velocity equal to
250 m/s (so clearly subsonic in these conditions). The mea-
surements were performed both in the plasma free jet and
over a metallic flat plate. That plate was made of stainless
steel and cooled down to 300 K by a water circulation. It
was 100 mm wide and 150 mm long. The leading edge was
coated with mullite (Al2O3/SiO2) 5 mm long layer to pre-
vent it from oxidation by atomic oxygen. The leading edge
was located 80 mm downstream from the quartz tube exit.
Concerning results obtained in the free jet, the distance from
the quartz tube is called x while the radial location is r .
Within the boundary layer over the flat plate, the distance
from the leading edge is called x′ while the distance over
the plate is z. This coordinate system is shown in Fig. 1 with
an overview of the experimental set-up.

3 Results about ground states

Previous studies used laser diagnostics such as spontaneous
Raman scattering (SRS) [19] and laser-induced fluorescence
(LIF) [20] to track ground state densities and temperatures
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Fig. 2 Profiles of the NO(X2Π ) vibrational and rotational tempera-
tures in the free jet

of majority species, i.e., N2, O2 (Raman) and NO (LIF),
both in the free jet and within the boundary layer.

In the free jet, no measurement was possible on O2 be-
cause of its too high dissociation rate. SRS measurements
on N2 led to quite constant rotational (2500 K) and vibra-
tional (5200 K) temperatures whatever the section in the first
100 mm from the quartz tube exit. For NO, some LIF mea-
surements underlined the non-equilibrium between rotation
and vibration and also showed that the corresponding tem-
peratures decreased along the jet axis (Fig. 2). The NO vi-
brational temperature was found to be different from the N2

and O2 vibrational temperatures. The conclusion was that a
vibrational excitation for each species should be considered
in numerical multi-temperature simulations.

Within the boundary layer, the non-equilibrium between
vibration and rotation remains whatever the molecules in
spite of different spatial evolutions (Figs. 3 to 5). A rather
good accommodation of the rotational temperature on the
wall is measured especially for N2 and O2. Conversely, al-
though the vibrational temperature decreases from the jet to
the wall, it does not reach the wall temperature and remains
high, especially for NO. Moreover, LIF measurements re-
vealed a non-equilibrium production of NO close to the wall
through Zel’dovich mechanisms, i.e., atom exchanges be-
tween molecules and atoms.

4 Optical emission spectroscopy

4.1 Optical set-up and calibration

The spontaneous emission of the plasma was collected
by a single fused-silica lens and analyzed using a spec-
trometer Jobin-Yvon THR1000 equipped with a UV grat-
ing (4320 gr/mm) providing a sufficient spectral resolu-
tion for rotational temperature determinations. The result-

Fig. 3 Profiles of the N2(X1Σ+) vibrational and rotational tempera-
tures within the boundary layer

Fig. 4 Profiles of the O2(X3Σ+) vibrational and rotational tempera-
tures within the boundary layer

ing spectral spatial image was then recorded on an inten-
sified charge-coupled device (ICCD) camera Princeton In-
struments PI-MAX optimized for UV measurements. The
spectrometer used was not designed for flat field acquisi-
tions but some tests showed that the expected image distor-
tions were negligible. In order to carry out an Abel inversion
on the measurements performed in the axisymmetrical free
jet, it was necessary to collect light from at least one jet ra-
dius from the center to the external border. The spectrome-
ter entry slit was opened vertically to 10 mm. The lens focal
length was 89 mm at 230 nm. The lens was set in order to
get a magnification ratio equal to 0.14. In those conditions,
the measurement field was 72 mm in height and the spatial
resolution along the plasmas axis was 0.28 mm. The spectral
resolution was mainly limited by the CCD element effective
size (24 µm). In the free jet, the observed spectral resolution
was 0.027 nm.
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Fig. 5 Profiles of the NO(X2Π ) vibrational and rotational tempera-
tures within the boundary layer

The optical set-up was different for measurements within
the boundary layer. That led to a slightly better spectral
resolution estimated to 0.025 nm. For those measurements,
the set-up consisted of a single fused-silica lens with a fo-
cal length equal to 200 mm at 230 nm. The corresponding
magnification ratio was 0.34 that allows capturing 25 mm
above the flat plate. This field height was sufficient to ana-
lyze the whole boundary layer even 70 mm from the leading
edge. The spatial resolution along the plasma axis was then
0.68 mm.

The measured intensities are converted to absolute in-
tensities by calibrating the optical setup using a calibrated
deuterium lamp. Considering the intrinsic uncertainty on the
deuterium lamp intensity and our measurement process, the
error on the calibration is low and close to ±5%.

4.2 Determination of temperatures and densities

The spontaneous emission spectrum of NO along the γ tran-
sitions was observed between 220 and 250 nm, correspond-
ing to the vibrational manifolds �v = 0,−1 and −2. Those
bands correspond to the rovibronic de-excitation from the
A2Σ+ excited state to the X2Π ground state. A typical
spectrum of NO γ bands is show in Fig. 6 with the mani-
fold assignment.

In order to get local data, the radial emission profiles
were Abel inversed. This is a well known procedure in an ax-
isymmetrical emitting medium. Conversely, local data can-
not be derived from the profile obtained within the bound-
ary layer without assumptions. The emission profiles were
shown to be identical outside the boundary layer and at the
same location in the free jet. Moreover, most of the emit-
ted light was expected to come from the hottest part of the
plasma (i.e., on the axis), and cold border emission does
not disturb the measured profiles. Last, the plate was thin
enough not to cause significant edge effects. According to

Fig. 6 NO γ emission spectrum between 220 and 250 nm

those arguments, we supposed that the spatial profile shapes
along the light collection axis were not modified by the flat
plate. So Abel inversed profiles within the boundary layer
were sought with a similar shape as in the free jet at the
same location.

We derived densities and temperatures by comparing the
calculated spectra and Abel inversed spectra. The procedure
was to derive rotational and vibrational temperatures from
normalized spectra then to estimate the excited state density
by comparing the absolute calculated and absolute experi-
mental spectra. In order to obtain some calibrated experi-
mental spectra, the irradiance of a calibrated deuterium lamp
was recorded with the same optical set-ups as for emission
measurements in the free jet and within the boundary layer.

We carried out the calculation of spectra by determin-
ing the ground and excited state rovibronic energy levels
according to spectroscopic data published by Amiot [21]
for the X2Π ground state and Danielak et al. [22] for the
A2Σ+ excited state. Some attempts were done to model the
kinetic momentum coupling transition occurring for a ro-
tational quantum number close to 8.5 on the ground state.
However, in spite of a notable modification of the intensity
of the first sub-branch bandhead at 237 nm, the best agree-
ment with experimental spectra was obtained with a Hund
case (b) model (low coupling of the electron-spin angular
momentum, on the one hand, and the electron-orbital angu-
lar momentum and nuclear-rotation angular momentum, on
the other hand). The rotational transition probabilities were
calculated according to Kovács [23], and some experimen-
tal accurate vibrational transition probabilities were given
by Luque and Crosley [24].

After having determined the rotational and vibrational
temperatures, on the one hand, and the excited state density,
on the other hand, by a least-squares method, the uncertain-
ties were estimated by calculating the residue; the residue



NO excitation and thermal non-equilibrium within a flat plate boundary layer in an air plasma 693

Fig. 7 Radial profiles of the NO(A2Σ+) vibrational and rotational
temperatures in the free jet

being

N(Tj ) =
∑

λi

[
Iexp(λi) − I

Tj

calc(λi)
]2

with Tj the searched parameter. In the free jet, the uncer-
tainty on vibrational temperatures is ±500 K for radii lower
than 10 mm and ±1000 K for higher radii. The uncertainty
on rotational temperatures is ±100 K for radii lower than
10 mm and ±200 K for higher radii. The relative uncertainty
on excited state density is about ±25%. Within the boundary
layer, the uncertainties on vibrational and rotational temper-
atures were found to be ±500 K and ±100 K, respectively,
whatever the distance to the plate and whatever the probed
section. Considering the previous uncertainties, the excited
state densities are known to within less than 25%. How-
ever, those uncertainties do not take into account the error
on spectroscopic constants and transition probabilities. For
the most populated levels, the uncertainty on the energy val-
ues is low. It increases for levels whose population is very
low so that the uncertainty on the partition functions due
to the spectroscopic constants is negligible. The uncertainty
due to the temperatures is included. Concerning the Einstein
coefficients, the uncertainty is close to 3% [24] for the mea-
sured bands. The values given by Luque and Crosley were
considered to be the best available at that time.

4.3 Free jet results

We explored three sections in the free jet. They are located at
25, 50 and 100 mm from the exit of the quartz tube. Figure 7
presents the vibrational and rotational temperature radial
profiles for two of these sections. The vibrational temper-
ature is quite constant in the first ten millimetres whatever
the section, but increases to very high values in the outside
part of the free jet. The decrease close to 25 mm corresponds

Fig. 8 Radial profiles of the NO(A2Σ+) density in the free jet

to the interaction of the jet with the outside still gas. There
is a quite wide dispersion in vibrational temperature mea-
surements due to a limited accuracy mentioned in Sect. 4.2.
That dispersion increases with the distance from the axis
and is especially strong when the plasma jet is mixed with
the steady gas in the wind tunnel. Some aerodynamic struc-
tures are then observed, and the vibrational excitation is
very sensitive to them. Conversely, the rotational tempera-
ture remains coupled to the translation temperature. Rota-
tional temperature measurements are much more accurate
and coherent. The rotational temperature is clearly constant
in the center of the jet as far as 8 mm whatever the section.
The values are then slightly lower than 5000 K and weakly
decrease with the distance to the tube exit. The rotational
temperature plots also show how the jet get wider with the
distance to the tube exit since, for radii larger than 10 mm,
the rotational temperature is slightly higher for x = 100 mm
than for x = 50 mm. Nevertheless, the rotational tempera-
ture can be considered as homogeneous on the axis in the
first 100 mm from the tube exit. Conversely, there are some
differences on the density profiles as shown in Fig. 8. Of
course, those values are dependent on the temperatures and
the low accuracy on vibrational temperature determination
has got an influence on density results.

As for the measurements concerning ground states car-
ried out by Raman scattering and LIF (see Sect. 3), we find
a strong thermal non-equilibrium between vibration and ro-
tation.

4.4 Boundary layer results

Within the boundary layer above the flat plate, six sections
were explored located at 4, 8, 18, 25, 41, and 61 mm from
the leading edge. Figure 9 shows the profiles of vibrational
and rotational temperatures above the flat plate for three of
these sections. As for the free jet, the dispersion for the
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Fig. 9 Profiles of the NO(A2Σ+) vibrational and rotational tempera-
tures within the boundary layer

vibrational temperature measurements is large. That tem-
perature can be considered as constant within the bound-
ary layer and no significant decrease is observed close to
the wall. Conversely, the rotational temperature clearly de-
creases from the boundary layer, where the temperature is
constant close to 4800 K, towards the wall. The further
the section from the leading edge, the lower the rotational
temperature at the wall: from 4200 K for x′ = 4 mm to
3200 K for x′ = 41 mm (the same value was found for
x′ = 61 mm). That better accommodation of the rotational
temperature to the wall was also observed for ground state
temperature of N2, O2 and NO measured by Raman scatter-
ing and LIF (see Sect. 3). It could be surprising to observe
a constant rotational temperature above the plate where that
temperature decreased in the case of the free jet. However,
it should be noticed that, first, in order to encounter hottest
conditions, the plate was placed 5 mm below the jet axis, and
secondly, the plate made the jet veer vertically and get wider.
The density profiles in the boundary layer are very inter-
esting (Fig. 10). There is a general increase of NO(A2Σ+)
density from the wall to the boundary layer limit, then a de-
crease outside. It should be noticed that the density value
outside the boundary layer is quite the same whatever the
section. The boundary layer limit is characterized by a max-
imum for the density then a plateau whose length decrease
with the distance to the leading edge. The maximum density
in the boundary remains lower than in the free jet mainly
because of a temperature effect. Another observation is the
difference in the boundary layer thickness for excited NO
and ground state NO: it is equal to about 12 mm for the
section x′ = 18 mm in Fig. 9, while it was only a few mil-
limeters for NO ground state [20] as well as for N2 and O2

ground states [19]. A second difference is the behavior of
excited NO at the wall. While the NO ground state density
increases close to the wall because of Zel’dovich reactions,
the NO(A2Σ+) density clearly drops to zero. However, it

Fig. 10 Profiles of the NO(A2Σ+) density within the boundary layer

will be demonstrated in the forthcoming discussion that NO
is nevertheless produced on that electronic state close to the
wall.

5 Discussion

NO(X2Π ) ground state densities were measured by laser-
induced fluorescence [20], and NO(A2Σ+) excited state
densities were measured by optical emission spectroscopy
in the free jet and within the boundary layer above the flat
metallic plate. Assuming that both electronic states are in
Boltzmann equilibrium with each other, some electronic ex-
citation temperatures may be calculated from the measured
densities. In that case, the electronic excitation temperature
Texc is calculated after the ratio of upper and lower popula-
tions according to a Boltzmann distribution:

n∗

n0
= g∗

g0
exp

(
− E

kBTexc

)

with g∗ and g0 being the density of upper and lower elec-
tronic level, respectively, g∗ and g0 being their statistical
weight and E the difference of energy between both. kB

is the Boltzmann constant. Those electronic excitation tem-
peratures are plotted in Fig. 11 for the free jet together
with the vibrational temperatures of NO ground state mea-
sured using laser-induced fluorescence [20]. Both tempera-
tures are found to be close and can be considered as equal
within the uncertainty. As a supplementary illustration,
Figs. 12 and 13 present the comparison between the mea-
sured NO(A2Σ+) densities in the free jet for x = 50 mm
and x = 100 mm and the densities calculated from the mea-
sured NO ground state densities and considering that the
electronic excitation temperature is equal to the ground state
rotational temperature. In the free jet, the electronic excita-
tion mode is clearly out of equilibrium with the NO ground
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Fig. 11 Radial profiles of the NO electronic excitation temperature
and ground state vibrational temperature in the free jet

Fig. 12 Comparison between the measured and calculated
NO(A2Σ+) densities in the free jet for x = 50 mm; the calcu-
lation is performed from measured ground state density and both
ground state vibrational and rotational temperature

state rotational mode but close to equilibrium with the NO
ground state vibrational mode. It should be noticed that
the NO vibrational temperatures were shown to be differ-
ent to the N2 and O2 vibrational temperatures in the free
jet [20]. In the same way, some electronic excitation tem-
peratures may be calculated within the boundary layer. They
are plotted in Fig. 14 for three sections together with the
NO ground state vibrational temperatures. As expected, both
temperatures are closed far from the plate, i.e., outside the
boundary layer. The NO ground state vibrational tempera-
ture clearly decreases towards the wall even if vibration re-
mains out of equilibrium with rotation as shown in Fig. 5.
The calculated electronic excitation temperature has a dif-
ferent behavior since its decrease is much lower with a value
close to about 3900 K whatever the section. At the wall,

Fig. 13 Comparison between the measured and calculated
NO(A2Σ+) densities in the free jet for x = 100 mm; the calcu-
lation is performed from measured ground state density and both
ground state vibrational and rotational temperature

Fig. 14 Profiles of the NO electronic excitation temperature and
ground state vibrational temperature within the boundary layer

the vibrational temperature is about 2500 K and the rota-
tional temperature about 1900 K. NO ground state density
measurements underlined the production of NO molecules
close to the wall through catalytic reactions, on the one
hand, and in the boundary layer through Zel’dovich reac-
tions, on the other hand [20]. Considering those last argu-
ments, it should be suggested that NO is not only produced
on its ground state but also directly on the excited electronic
state A2Σ+ or by an excitation process that is not in equi-
librium with vibration. Quantitatively, the NO(A2Σ+) den-
sity at the wall is four orders of magnitude higher than it
would be by an electronic excitation from the ground state in
equilibrium with vibration. So, within the boundary layer, a
two-temperature Navier–Stokes calculation is no longer able
to reproduce experiments and the population of electronic
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Fig. 15 Profiles of NO(A2Σ+), NO(X2Π ), N2(X1Σ+) and
O2(X3Σ+) rotational temperature within the boundary layer
(x′ = 25 mm)

excited species should be addressed through an electronic
state-to-state model.

The non-equilibrium between vibration and rotation in
the free jet and within the boundary layer was clearly es-
tablished for the three majority species. The assumption is
often made that rotation is in equilibrium with heavy particle
translation. The measurements probing ground states seem
to confirm that assumption especially within the bound-
ary layer where the rotational temperature accommodates at
the wall. The rotational temperatures of N2 and O2 ground
states are very close as shown in Fig. 15. The NO ground
state rotational temperature is a little bit higher (about
500 K) close to the wall but has got the same value than for
N2 at the boundary layer limit. This difference in the neigh-
borhood of the wall could be an outcome of the exother-
mic chemical production of NO. Figure 15 also shows the
rotational temperatures measured by emission spectroscopy
on the NO(A2Σ+) excited state. The difference between
the excited state and ground state rotational temperatures is
about 2000 K for a given location. This means that the rota-
tional levels of excited molecules are not populated through
a thermal excitation.

We also observed similar differences in the free jet. Fig-
ure 16 presents the radial evolution of the rotational tem-
perature of NO on its ground and excited states for two dis-
tances from the quartz tube exit. NO ground state rotational
temperatures depend on the explored section conversely to
NO excited state rotational temperatures. The outcome is
that the difference between both temperatures varies from
1000 to 2000 K on 50 mm along the plasma axis. The ra-
dial profiles are also very dissimilar: the excited state tem-
perature decreases slowly and remains high even when the
A2Σ+ state density is very low while ground state tempera-
ture quickly drops to low values.

Fig. 16 Radial profiles of the NO(A2Σ+) and NO(X2Π ) rotational
temperature in the free jet

Such a behavior of the rotational temperature of excited
states was already observed in a close facility known as
Comète and belonging to EADS Astrium Company [25].
Within the study on Comète, the air plasma received about
18% more power than in our experimented and its static
pressure was 100 hPa. A cooled copper sample was set per-
pendicularly to the plasma jet. Emission measurements were
carried out on molecular nitrogen ion N+

2 and Raman scat-
tering measurements on N2. The rotational temperatures de-
rived from both techniques was very different: for exam-
ple, N+

2 (B2Σ+) rotational temperature was equal to 7500 K
while N2(X1Σ+) rotational temperature was 3500 K at
1 mm in front of the sample.

In the present study, two issues revealed by our mea-
surements have then to be discussed: the overpopulation
of NO(A2Σ+) close to the wall and the general differ-
ence between the rotation temperatures of NO(X2Π ) and
NO(A2Σ+).

In the free jet, vibrational and electronic excitation tem-
peratures are found equal, i.e., a strong coupling may exist
between the way both energy modes are excited. Some dif-
ferences appear within the boundary layer and increase to-
wards the wall. On the other hand, the difference between
the rotational temperatures of NO(X2Π ) and NO(A2Σ+)
has also been shown whatever the location in the plasma.
We can then conclude that two processes are involved: one
that is the majority in the free jet and the other that is due to
the presence of the wall. Both processes produce high rota-
tional excitation of NO(A2Σ+).

At intermediate temperatures and reduced pressures, the
main source of production of NO(A2Σ+) was shown to be
the excitation of NO ground state through a collision with
a metastable species. Drakes et al. [26] showed the impor-
tance of this mechanism in low pressure combustion with
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Table 1 Kinetic constants for Zel’dovich reactions [32, 33]

Reaction A (m3 s−1) b Ta (K)

kf,(1) 9.45 × 10−18 0.42 42938

kf,(2) 4.14 × 10−21 1.17938 4005.46

the intervention of CO(a3Π ):

NO
(
X2Π

)+CO
(
a3Π

) → NO
(
A2Σ+)+CO

(
X1Σ+)

. (1)

De Benedictis et al. [27] demonstrated that N2(A3Σ+
u )

is responsible for NO excitation in N2–O2 pulsed radio-
frequency discharges:

NO
(
X2Π

) + N2
(
A3Σ+

u

) → NO
(
A2Σ+) + N2

(
X1Σ+)

.

(2)

Furthermore, Thomas and Katayama [28, 29] measured the
vibrational branching ratio of both previous reactions as well
as the production of NO(B2Πr ) but at low temperature.

In their work, De Benedictis et al. [27] also underlined
the fact that the excited state rotation was not in equilib-
rium with translation and that no Boltzmann distribution
could fit. As in the reference work by Piper et al. [30], they
found a double slope Boltzmann distribution for the rota-
tional population of NO(A2Σ+) with corresponding tem-
peratures higher than the kinetic temperature. NO excitation
by metastable N2 is assumed to preferentially populate very
high rotational levels. The temperature measured by emis-
sion spectroscopy is then the effect of the rotational redistri-
bution of this overpopulation of highly excited levels.

In the present plasma including the external part of the
boundary layer, NO is produced through Zel’dovich reac-
tions as underlined by Barbato and Bruno [31] and demon-
strated in our study about NO ground state [20]:

N2 + O + 3.32 eV � NO + N, (3)

O2 + N � NO + O + 1.41 eV. (4)

Reaction rates of both reactions may be written as

k = AT b exp

(
−Ta

T

)
.

Some constants for both forward and backward reactions are
given in Table 1 for a production on the ground state. The
forward reaction 3 is difficult to achieve in our conditions
in spite of the large amount of N2 and O. Conversely, the
forward reaction 4 is very efficient and exothermic. Never-
theless, the energy released by this reaction is low compared
to the NO(A2Σ+) electronic energy, i.e., about 5 eV. More-
over, on a partially catalytic surface as a metallic plate, NO

Fig. 17 Profiles of the N2(X1Σ ) and N2(A3Σ+
u ) excitation tempera-

ture in the boundary layer for x′ = 25 mm. Two hypotheses are con-
sidered for N2(A3Σ+

u ): frozen molar fraction or responsible of NO
excitation according to (2)

is mainly produced at the wall by catalytic reactions and es-
pecially:

N (solid) + O (gas) � NO (gas). (5)

So we cannot affirm that the reaction 4 is able to produce a
significant amount of electronically excited NO. Consider-
ing the densities, temperatures and pressure measured in the
plasma, we can assume that NO excitation by metastable
N2 molecules is responsible of the observed high rotational
temperatures. This is true at least in the external part of the
boundary layer. Because of the steady state of the plasma,
we can calculate the value of the population density of the
metastable state of N2 where this state has an exclusive role.
In this case, the NO(A2Σ+) production rate is equal to the
de-excitation rate by quenching and spontaneous emission.
That can be written as

k
[
NO(X)

] · [N2(A)
] =

(
Q + 1

τ

)[
NO(A)

]
,

where k is the forward reaction rate of the reaction 2 and is
taken equal to 10−16 m−3 s−1 according to Piper et al. [30].
Q is the global quenching rate and is estimated from
the measured densities [19, 20] and the quenching cross-
sections of NO(A2Σ+) by the present species: N2, O2,
NO [34] and O [35, 36]. τ is the radiative lifetime of
NO(A2Σ+) equal to the inverse of the sum of the vi-
bronic Einstein emission coefficients provided by Luque
and Crosley [24]. For example, [N2(A)] = 1.6 × 1018 m−3

for x′ = 25 mm and z = 6 mm. For that location along the
metallic plate, the vertical profiles of N2 ground state and
N2 metastable state densities are presented in Fig. 17 in the
case where this kind of excitation is still the majority within
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Fig. 18 Profiles of the NO(A2Σ+–X2Π ) and N2(A3Σ+
u –X1Σ ) den-

sity in the boundary layer for x′ = 25 mm. Two hypotheses are con-
sidered for N2(A3Σ+

u ): frozen molar fraction or responsible of NO
excitation according to (2)

the whole boundary layer. It shows that a production of ex-
cited NO by energy transfer from N2(A3Σ+

u ) means a large
decrease of this species close to the wall.

We can then calculate the electronic excitation tempera-
ture between the metastable A3Σ+

u and ground X1Σ+ states
of N2. It is equal to 5300 K for this location. That derived
temperature has to be compared to the vibrational tempera-
ture of N2 ground state that was found equal to 5200±200 K
for this point (see Fig. 4 and Sect. 3). This closeness be-
tween electronic and vibrational temperature of N2 can be
found everywhere in the free jet and in the outside part
of the boundary layer. Because of the indirect character of
N2(A3Σ+

u ) density measurements, the electronic tempera-
ture of N2 can not be known close to the wall but as expected
clearly decreases towards the wall (Fig. 18).

In fact, in the closest 6 mm, the discussion is more tricky
because other processes may be involved in the NO exci-
tation. Some of them can be dismissed as the production
of excited NO by reaction of atoms with NO2 and N2O.
The related reaction rate can be found, for example, in [37].
The thermodynamic conditions make NO2 and N2O minor-
ity species. The direct excitation of ground state NO by elec-
trons is also a minority process because of the high electron
recombination rate at the exit of the ICP torch and especially
in the vicinity of a metallic wall. The production of NO
by Zel’dovich reactions involving metastable atoms such as
O(1D) can be also rejected. A simple calculation would pro-
duce unrealistic values of metastable atom densities. More-
over, no physical reason can justify higher metastable atom
densities in the boundary layer compared to the free jet.
Piper [38] did not mention any production of NO(A2Σ+)
in his study of the reactions:

N
(2D

) + O2 � NO + O, (6)

N
(2P

) + O2 � NO + O. (7)

The first forward Zel’dovich reaction 3 involving ground
states is endothermic, but the activation energy can be
brought by N2(A3Σ+

u ) electronic excitation. Kossyi et al.
gave a constant rate k = 7 × 10−18 m3/s for the reaction

N2(A) + O � NO + N, (8)

where the products are NO(X2Π ) and N(2D). However, the
remaining energy is unable to produce NO on an electronic
excited state.

A third way to produce excited NO by involving meta-
stable N2 could be catalytic reactions at the wall. We showed
in a previous study [39] that CN could be produced from a
carbon surface, especially when excited N2 molecules had
previously been adsorbed. In the present case, N2(X1Σ+,v)
could play the role. Nevertheless, the process is efficient for
high energy because of the energy involved as heat trans-
ferred to the surface, as desorption work and finally as exci-
tation of the desorbed molecules. N2(A3Σ+

u ) could provide
this energy but needs a potential well on the surface since its
excitation energy is lower than the dissociation energy. Its
density could not exceed a few 1018 m−3 (due to the tem-
perature effect), while the NO(A2Σ+) is a few 1015 m−3

within the boundary layer (Fig. 10). N2(A3Σ+
u ) is expected

to have a low decrease in the boundary layer, but its behavior
at the wall remains unknown. It is generally admitted that
the metastable molecules of N2 are able to produce Auger
electrons when they encounter a cold surface. Assuming that
no N2(A3Σ+

u ) is created or destroyed within the boundary
layer, new N2 electronic excitation temperatures can be cal-
culated. They are also displayed in Fig. 18 for x′ = 25 mm
and can be compared with the NO electronic excitation tem-
perature and N2 electronic excitation temperature in the case
of a complete energy transfer from N2(A3Σ+

u ).
Whatever the main excitation process of NO close to the

wall, N2(A3Σ+
u ) plays a major role. Moreover, emission

spectroscopy (or any techniques probing exciting states) is
unable to provide an estimate of the kinetic temperature
in such non-equilibrium conditions. Excited-state rotational
temperatures and the kinetic temperature are definitively not
correlated.

6 Conclusion

A comprehensive study of a non-equilibrium air plasma in
interaction with a metallic flat plate under moderate pres-
sure (38 hPa) was carried out using optical emission spec-
troscopy, Raman scattering and laser-induced fluorescence.
It brought the ground state temperatures and densities of
majority species N2, O2 and NO and the temperatures and
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densities of the NO(A2Σ+) excited state. Some observa-
tions concerning non-equilibrium have to be underlined es-
pecially about nitrogen monoxide. While the vibrational
and rotational NO temperatures are generally supposed to
quickly equilibrate, especially in the frame of modeling,
they have been found to remain very different in the free
jet as well as within the boundary layer. This difference be-
tween vibrational and rotational temperatures is verified for
the ground state as well as for the A2Σ+ excited state that is
populated out of equilibrium with heavy particle translation.
For most locations, an electronic excitation temperature may
be identified to the vibrational temperature of the ground
state X2Π . Last, while temperatures are often determined
by emission spectroscopy in plasma, the temperatures mea-
sured on the A2Σ+ excited state are completely different
from those measured on the ground state within the bound-
ary layer as well as in the free jet. This last point questions
the way the excited state is populated from the ground state
or from a chemical process. In the case of NO(A2Σ+), the
metastable state of N2 plays a major role in energy trans-
fers through collisions or as source of adsorbed atoms in the
case of catalytic reactions. The multiple temperatures iden-
tified in the plasma also suggest paying attention to the va-
lidity of an unique rotational temperature equal to the heavy
particle kinetic temperature in such moderate pressure non-
equilibrium plasmas. Such an assumption is very important
for radiation predictions.

This study could be extended in order to study other ex-
cited states such as N2(B3Πg), N2(C3Πu) and N+

2 (B2Σ+)
in order to completely characterize the plasma radiation
from ultraviolet to near-infrared and to explore the forma-
tion processes of other species than NO. A knowledge of
the population of the nitrogen metastable state N2(A3Σ+

u )
will bring some quantitative data to support the hypothesis
about the role of this state in much chemical reactions. Be-
cause of the plasma stability, it could be achieved by multi-
pass absorption spectroscopy on the first negative system or
by laser-induced fluorescence through the same system. The
last important species not probed for the moment is atomic
oxygen. Two-photon absorption laser-induced fluorescence
seems to be the most direct way to measure its density but
alternative methods such as Raman scattering based on the
ground state triplet structure are possible. Up to now, at-
tempts to measure electron temperatures and densities failed
because of the oxidation of tungsten and iridium Langmuir
probes. Electron density is supposed to be low but no data
are available about a possible equilibrium with an energy
mode of molecules and atoms.

One more next step is to resume the presently described
experiments within the boundary layer of a SiC sample set
perpendicularly to the plasma jet and with a higher static
pressure close to 100 hPa and a higher specific enthalpy
close to 20 MJ/kg. Nevertheless, the present results are al-
ready very useful to drive Navier–Stokes calculations that

should take into account vibration of each kind of molecules
as well as the bad accommodation of vibration to the metal-
lic wall. Comprehensive models should also include chemi-
cal reactions involving excited states of molecules. This jus-
tifies the interest in electronic state-to-state models.
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