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2 LIPhy, Université de Grenoble 1/CNRS, UMR 5588, Grenoble F-38041, France
3 Department of Applied Physics, Eindhoven University of Technology, P O Box 513, 5600 MB,
The Netherlands
4 VON ARDENNE GmbH, Plattleite 19/29, 01324 Dresden, Germany

E-mail: pbruggem@umn.edu

Received 23 September 2013, revised 8 January 2014
Accepted for publication 10 January 2014
Published 7 April 2014

Abstract

The gas temperature in non-equilibrium plasmas is often obtained from the plasma-induced
emission by measuring the rotational temperature of a diatomic molecule in its excited state.
This is motivated by both tradition and the availability of low budget spectrometers. However,
non-thermal plasmas do not automatically guarantee that the rotational distribution in the
monitored vibrational level of the diatomic molecule is in equilibrium with the translational
(gas) temperature. Often non-Boltzmann rotational molecular spectra are found in
non-equilibrium plasmas. The deduction of a gas temperature from these non-thermal
distributions must be done with care as clearly the equilibrium between translational and
rotational degrees of freedom cannot be achieved. In this contribution different methods and
approaches to determine the gas temperature are evaluated and discussed. A detailed analysis
of the gas temperature determination from rotational spectra is performed. The physical and
chemical background of non-equilibrium rotational population distributions in molecular
spectra is discussed and a large range of conditions for which non-equilibrium occurs are
identified. Fitting procedures which are used to fit (non-equilibrium) rotational distributions
are analyzed in detail. Lastly, recommendations concerning the conditions for which the gas
temperatures can be obtained from diatomic spectra are formulated.

Keywords: optical emission spectroscopy, gas temperature, rotational temperature

(Some figures may appear in colour only in the online journal)

1. Introduction

Non-equilibrium plasmas are an active research area mainly
driven by their large application potential for many different
disciplines ranging from environmental, chemical (synthesis),
material processing, energy and biomedical applications.
These plasmas are not only interesting as tools of applications
but have very distinctive physical and chemical properties

which are unique and directly related to the non-equilibrium
nature of the plasma. On the other hand, this non-
equilibrium property can cause significant complications in
the measurement of different plasma parameters such as the
gas temperature. The non-equilibrium is caused by the fact that
the different species (e.g. electrons, ions, neutrals, radicals) are
not in equilibrium with each other and can have significantly
different kinetic energies. More specifically, this means that
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the translational energy of electrons (which are driven by the
electric field) is typically much larger than the translational
energy of the heavy neutral species. This leads to much larger
electron temperature (Te) compared with the gas temperature
(Tg), which is representative of the kinetic energy of neutral
particles. Apart from the non-equilibrium between different
species, the different degrees of freedom (rotation, vibration,
translation, electronic excitation) in a molecule can also be out
of equilibrium. This leads to the often cited inequality of the
corresponding temperatures: Ttrans � Tr � Tvib � Tex � Te.

In the above description, temperatures are used to label
different distributions which are not in equilibrium with each
other. This immediately raises a question: what is the
(physical) meaning of all these different temperatures? In
the case of, e.g., the rotational temperature, it describes the
Boltzmann distribution by which the different rotational states
of the molecule are populated. As a temperature is defined
from a definition of entropy (e.g. Boltzmann–Gibbs entropy)
in thermodynamics, it means that the distribution characterized
by this temperature needs to be, by definition, an equilibrium
distribution. It is immediately clear that when the time required
for equilibration of a rotational distribution is not significantly
shorter than the inflow time of molecules into this rotational
manifold, (of which the populations of the rotational states
depend on the formation process) the assumption of an equi-
librium Boltzmann distribution can become invalid. As the title
of this review already suggests, this interesting aspect of non-
equilibrium plasmas forms the basis of this review. Specifi-
cally gas temperature determination from diatomic rotational
distributions in non-equilibrium plasmas will be reviewed.

The gas temperature is an important plasma parameter as
it strongly influences the plasma chemistry which drives most
plasma applications. In addition, many applications including
the treatment of heat sensitive surfaces such as polymers
and wounds require limited heat loads and thus an accurate
measurement of the gas temperature or heat flux is needed.

Gas temperature measurements in non-equilibrium
plasmas are indeed often obtained by emission spectroscopy
from the population distribution in rotational levels of excited
states of diatomic molecules (rotational temperature) and have
been applied for many years with great success [1–4]. It is
therefore very important to have a good foundation of this
particular diagnostic. This is especially the case in view of the
many non-equilibrium atmospheric pressure plasmas used for
applications which are often produced in a complex mixture
of several molecular species. The extensive use of rotational
spectra obtained by optical emission spectroscopy in the field
of non-equilibrium plasmas is motivated by both tradition and
the availability of low budget spectrometers. However, as
indicated above, it is not automatically guaranteed that in non-
equilibrium plasmas the density distribution in the monitored
rotational manifold of the diatomic molecule is in equilibrium
with the translational (gas) temperature. Often, non-
Boltzmann rotational distributions are found in the molecular
spectra of non-equilibrium plasmas, which clearly indicate the
importance of interpreting rotational spectra with care.

An example of a non-equilibrium rotational distribution of
OH(A) in an atmospheric pressure discharge in a vapor bubble
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Figure 1. Boltzmann plot of the rotational distribution of OH(A) as
obtained from the emission spectrum of OH(A–X) from a discharge
in vapor bubble in water. The gas temperature as estimated from the
rotational temperature of N2(C) is 1550 K and the corresponding
expected thermal rotational population distribution is shown [5].

is shown in figure 1. In the case of a Boltzmann plot, as in
figure 1, a thermalized distribution would follow a straight line,
of which the slope depends on the rotational temperature. The
rotational levels of OH(A) with rotational number larger than
10 are clearly more populated than would be expected from
the gas temperature of 1550 K as obtained by the rotational
temperature of the N2(C) state. Below, it will be shown that
this is due to the formation process which more efficiently
populates the high N levels of OH(A); even at atmospheric
pressure collisions with the background gas are not sufficiently
efficient to induce a full translation–rotational equilibrium.
Consequently, only the lowest rotational levels are thermalized.
The appearance of such a distorted distribution is mainly
possible due to quenching collisions which significantly reduce
the effective lifetime of the OH(A) state. In addition, this
example shows clearly that the nature of non-equilibrium
is species dependent as for the case of the N2(C) state, in
good approximation a thermal distribution was found [5].
The significantly larger rotational constant of OH compared
with N2 is (partly) the reason the excited states of N2 are
thermalized. However non-equation N2(C) states have also
been observed (see further). Even in significantly non-
thermalized distributions, as shown in figure 1, in many cases
a thermalized distribution is found for low N . This illustrates
the success of the use of rotational spectra as a diagnostic for
gas temperatures for decades.

First, an overview of the different techniques which can
be used for gas temperature determination in non-equilibrium
plasmas is given. The rest of this review deals with the
spectroscopy based on the emission intensity of rotational lines
and is set up to provide the necessary background to answer
one question: for which conditions are the rotational levels
of the excited states producing the emission in translational–
rotational equilibrium? To answer this question in detail, both
the production mechanisms of the molecule in the excited
state which determine the nascent rotational distribution and
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the thermalization processes (related to the rotational energy
transfer (RET)) are treated in detail. Several specific cases
of commonly used transitions are discussed for different
plasma conditions. The last part of this review deals with
possible experimental artifacts when recording spectra, and
the spectra interpretation and analysis. To conclude, the use
of non-equilibrium rotational distributions, both for the gas
temperature determination and the investigation of the kinetics
of the excitation processes, is summarized and an outlook is
given.

The review is intended as a reference guide for particular
issues encountered in gas temperature measurements of non-
equilibrium plasmas. It is the authors’ hope that it can provide a
useful overview of the topic especially for researchers involved
with plasmas without a spectroscopy background but also for
experienced spectroscopists. Note that most models describing
plasma kinetics are only resolved up to the vibrational levels
of the molecules. This review is also intended as a summary of
what is known of rotational excitation and processes in plasmas
from an experimental point of view.

2. Methods of gas temperature determination

In plasmas, it is often difficult to measure directly with a
thermometer the accurate gas temperature. However, there
are several other techniques which allow the determination
of the gas temperature with good accuracy. An analysis of
gas temperature measurements (and other plasma parameters)
specifically for microplasmas can be found in [6]. The different
techniques can be divided according to their physical principles
into four categories:

(i) rotational distribution of molecules (mostly diatomic);
(ii) line profiles;

(iii) neutral density;
(iv) thermal probes.

A short overview of the above techniques used in the plasma
field to obtain gas temperatures follows.

2.1. Rotational distribution of molecules

Most non-equilibrium plasmas produce significant visible and
near UV emission from excited molecules. It is thus relatively
easy to detect and analyze the emission with a spectrometer
[1–4]. As the lifetime of the molecules in the ground state
is normally significantly larger than the characteristic time
between collisions, the rotational temperature of the ground
state molecules is usually a good representation of the gas
temperature. However, so-called active diagnostics such
as laser-induced fluorescence (LIF), absorption or Raman
scattering techniques are necessary to record the rotational
distribution of the ground state.

Absorption signals of different rotational lines (when the
line profile is known) allow determination of the absolute
density in the corresponding rotational levels of the ground
state (nJ ′′ ), which obey the following Boltzmann relation with
rotational temperature Trot:

nJ ′′ ∝ (2J ′′ + 1) exp(−
EJ ′′

kTrot
), (1)

Figure 2. Schematic energy level diagrams illustrating how
fluorescence (left) and excitation (right) spectra are obtained [10].
For details see text.

with EJ ′′ the rotational energy of the level J ′′. The lower
state is denoted with double prime and the upper state, formed
after the absorption of a photon, with single prime. The above
relation allows deduction of the rotational temperature of the
ground state considering that

Iabs

I0
∝ BJ ′J ′′nJ ′′ ∝ BJ ′J ′′(2J ′′ + 1) exp

(

−
EJ ′′

kTrot

)

, (2)

with BJ ′J ′′ the Einstein B absorption coefficient. Examples
using this technique can be found in [7–9] and with cavity
ringdown in e.g. [228].

Raman scattering is the inelastic scattering of light on
molecules and can also be used to obtain the rotational
temperatures in the ground state of homonuclear diatomic
molecules such as nitrogen or hydrogen. This has often been
performed in flame studies [11, 12]. Coherent anti-Stokes
Raman spectroscopy (CARS), which is a more sophisticated
and highly sensitive version of the Raman spectroscopy, has
recently been used to study rotation–translation equilibrium in
nitrogen plasmas [13].

A third often-used technique is LIF. A laser is tuned to
a molecular transition to excite it and the fluorescence of the
produced excited state is detected. This technique is often
applied in plasma physics and combustion [10, 14]. With LIF,
depending on conditions, rotational temperatures of molecules
in both ground state and excited state can be determined.
A schematic representation of how the fluorescence and the
excitation spectra are obtained is shown in figure 2. The so-
called excitation spectra obtained from LIF can be used to
obtain the ground state rotational temperature. In this case,
the laser is scanned over different rotational transitions and the
total fluorescence for each excitation is measured and plotted
as a function of the laser wavelength. If one assumes that
the fluorescence only depends on the laser excitation rate, i.e.
on the ground state population and the Einstein B absorption
coefficient, one can easily understand that the LIF intensities
scale the same as absorption signals:
∫

IJ ′′dλemis. ∝ BJ ′J ′′nJ ′′νJ ′J ′′ ∝ (2J ′′ + 1)BJ ′′J ′νJ ′J ′′

× exp

(

−
E′′

J

kT ′′
rot

)

, (3)

with νJ ′J ′′ the frequency corresponding to the transition.
The above assumption is not always valid (the fluorescence
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intensity can be reduced by collisional quenching of the laser-
excited molecules, which can be rotational level dependent)
and often a complex model of the excitation and the
fluorescence, including collisional processes, needs to be made
(see, e.g., [10] and references therein).

Fluorescence spectra (i.e. spectrally resolved fluorescence
originating from typically a single rotational transition excited
by the laser at a fixed wavelength) can also be used to
measure the rotational temperature of the excited state if the
lifetime of the excited state is significantly longer than the
time necessary for the thermalization of the rotational levels in
the excited state. Indeed, in this case the nascent distribution
of the excited rotational manifold, which is a single level,
must be thermalized by collisions with the neutral gas in
order to be able to derive a rotational temperature which
reflects the gas temperature. This typically can only occur
at elevated pressures (see also below for details). In this case,
when assuming that the populations in rotational levels of the
LIF spectrum are in Boltzmann equilibrium, the rotational
temperature of the excited state obeys

ILIFJ ′,pump J ′′ ∝ AJ ′J ′′nJ ′νJ ′J ′′ ∝ (2J ′ + 1)AJ ′J ′′νJ ′J ′′

× exp

(

−
E′

J

kT ′
rot

)

, (4)

with AJ ′J ′′ the Einstein A emission coefficient. An illustrative
example of both excitation and fluorescence LIF OH spectra
to perform gas temperature measurements in a nanosecond
pulsed atmospheric pressure plasma can be found in [15].

The relation presented in equation (4) is also valid
in most cases for optical emission spectroscopy; the only
difference is that the excitation of the ground state molecules
occurs by plasma processes (e.g. electron excitation, e-ion
recombination, Penning ionization, etc) and not by a laser.
Note that equation (4) illustrates why a Boltzmann plot such
as in figure 1 plotting log I/(2J ′ + 1)AJ ′J ′′ as a function of E′

J

is very convenient. In the case of a Boltzmann distribution, the
slope is inversely proportional to the rotational temperature.

The use of rotational quantum number N , or J = N ± 1
2

in the case of a doublet state like OH(X or A), depends on the
coupling (Hunds case). For details of molecular structure and
constants used in the above equations the reader is referred to
the following standard textbooks and reference works [16–20].

2.2. Line profiles

Atomic (and molecular) transitions cause specific radiation
at a fixed wavelength corresponding to the energy difference
between the upper and lower level of the transition. In
practice, the emission, or absorption transition always has
some spectral width, induced by different mechanisms
including the finite lifetime of the states (natural broadening),
Doppler broadening, Stark broadening and van der Waals
broadening or resonance broadening (pressure broadening).
Stark broadening of, e.g., atomic hydrogen lines is often-used
to measure the electron density in plasmas, as the electric
micro-field at the position of the radiator induced by the
electrons (and ions) determines the broadening. A detailed
list of Stark broadening tables of hydrogen lines can be found

in [21]. For many lines of other atoms and ions, the Stark
broadening coefficients are listed in [22]. Doppler broadening
is temperature dependent and the formula for the FWHM of a
Doppler broadened Gaussian line profile is [23]

wD = 7.16 × 10−7λ

√

T

M
, (5)

where M is the molecular weight of the radiator in atomic
mass units, T is the temperature in K and λ is the wavelength
of the transition. Collisional broadening by a non-resonant
particle or van der Waals broadening is both density and
temperature dependent but resonance broadening only depends
on the density. Assuming constant pressure, the temperature
dependences of the FWHM of the (Lorentzian) line width
induced by the van der Waals and resonance broadening are
[23–25]

wvdW = A
p

T 0.7
and wR = A

p

T
. (6)

with A a constant depending on the radiator, collision partner
and transition. For example, A = 3.6 for the Hβ Balmer line in
air for pressure in units bar, temperature in Kelvin and FWHM
in nm [1]. Pressure broadening is only significant at low gas
temperatures and high pressures. This is why it is most useful
to obtain gas temperature from the FWHM of a Lorentzian
profile of the line in atmospheric pressure plasmas [26].
Doppler broadening can be accurately used at low pressure
and elevated temperatures, especially when pressure and Stark
broadenings are not dominant. In high electron density
plasmas, often both above-cited broadenings are superimposed
on the Stark broadening and the accuracy of the method is
reduced when the contribution of the line profile of two or
more broadening mechanisms are significant. For example,
in cold atmospheric plasmas with a large electron density
(order 1020 m−3) both van der Waals and Stark broadening of
hydrogen Balmer lines are important (e.g. [27]). Also, when
ne is low, Stark broadening due to high E-fields present, e.g., in
sheaths can increase line broadening and allow measurement of
the electric field [28]. Wang et al have investigated the electric
field distribution in the cathode sheath of an atmospheric
pressure helium microplasma from the Stark splitting of Hβ

line [29]. Analysis of the line broadening mechanism from the
line profile is a powerful technique but requires in most cases
a high-resolution spectrometer to exploit the full potential of
information hidden in it. In addition, narrow band diode lasers
are a powerful tool to measure line broadening in absorption
[30]. Before the advent of laser spectroscopy, line broadening
was often studied by a Fabry–Pérot analyzer in combination
with a filter.

2.3. Temperature through neutral density measurement

The most direct measurement of the neutral density can be
obtained by Rayleigh scattering. Rayleigh scattering is the
elastic scattering of photons on electrons bound to atoms and
molecules. The Rayleigh scattering cross-section is species
dependent and the scattered light is proportional to the amount
of neutrals in the scatter volume. Assuming the ideal gas
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law to be valid, at constant pressure, the amount of scattered
light is thus inversely proportional to the gas temperature.
Typically, measuring the plasma off and plasma on condition
yields a proportional relation between the ratio of the Rayleigh
scattering intensities (I (R)) and the gas temperatures if the gas
composition does not change:

Ton = Toff
IR,off

IR,on
. (7)

A review on Rayleigh scattering nicely illustrates all necessary
concepts in considerable detail [31]. Recent examples
of Rayleigh scattering measurements to determine the gas
temperature can be found in [27, 32, 33]. Note that it is
important in this case to deal with gases having large Rayleigh
cross-sections (He has a significantly smaller Rayleigh cross-
section in comparison with Ar, O2 and N2) to minimize
the effect of scattering of the laser light on, e.g., nearby
electrodes which yields a spurious scattering signal at the same
wavelength. It is therefore advisable to use a two-dimensional
detector for data acquisition to have a visual image of the
Rayleigh signal. This technique is most accurate at moderate
gas temperatures and at high pressures and is usually performed
in non-equilibrium atmospheric pressure plasmas. Pressure
build-up in strongly transient plasmas needs to be considered.
In addition, one needs to be careful of dust-containing plasmas,
which can generate an important Mie-scattering signal. The
technique also needs to be applied with caution in strongly
ionizing and dissociating plasmas as in these cases the plasma
itself induces a significant change in the composition of the
neutral species which can lead to a change in the Rayleigh
scattering cross-sections or (local) pressure.

2.4. Thermal probes

Standard thermocouples composed of metal are used in many
applications but in plasmas it is difficult to use them as
they can be strongly influenced by the electromagnetic fields
encountered in plasma environments. In addition, they can
significantly influence the plasma properties, especially at high
pressures. However, there exist thermometric devices based on
fiber-optics which are insensitive to the electromagnetic field
produced by the plasma and are suitable to be inserted into a
plasma ‘without major changes’ in the plasma properties. A
commercial fiber is available which is based on a change in
the fluorescence wavelength with temperature of the fiber tip.
Another technique is using a fiber Bragg grating instrument
of which the Bragg wavelength changes with temperature
[34]. The main advantage of this fiber technique is their easy
calibration which facilitates the interpretation of the data with
good accuracy. They are also very cost effective. On the other
hand, especially for atmospheric pressure plasmas, even non-
conducting fibers can significantly alter the discharge and one
needs to consider that in nanosecond pulsed discharges the gas
temperature can have strong gradients both in space and time.
Thermal fluxes to surfaces or electrodes have been measured
in low-pressure plasmas by Kersten et al [35].

2.5. Comparison and conclusion

From the above discussion, obtaining the gas temperature from
the ground state molecular rotational distributions or scattering
measurements is clearly preferable but they require (expensive)
equipment that is not usually compatible with industrial
applications or many laboratory setups. Optical emission
spectroscopy is therefore a logical and good compromise
because it is non-invasive and low budget spectrometers are
available which enable all plasma labs around the world to
perform this diagnostic. The only question one needs to be able
to answer before the rotational temperature can be interpreted
as the gas temperature is if the rotational levels of the excited
state from which the emission is originated are in translational–
rotational equilibrium. This is the focus of the rest of this
review.

3. Translational–rotational equilibrium

As stated above, in non-equilibrium plasmas, the rotational
temperature of a molecule in an electronic and vibrational
state is not a priori equal to the gas temperature. Both the
mechanisms producing the molecule in the state of interest
and the collisional processes in that state determine whether
translational–rotational equilibrium can exist or not.

Two conditions at which translational–rotational equilib-
rium (the rotational temperature equals the gas temperature)
can a priori exist are the following:

• the nascent rotational distribution is a thermalized
distribution or

• fast RETs occur, which thermalize the (nascent non-
thermal) rotational distribution.

When one of these conditions is fulfilled, the density
distribution in the rotational levels obeys the Boltzmann law. It
is important to note that an experimentally obtained Boltzmann
distribution is a necessary but not sufficient condition for
translational–rotational equilibrium. Examples will be shown
below.

As already mentioned above, there can be a significant
difference between ground state and excited state rotational
distributions. Similar to an excited state, the nascent rotational
distribution in the ground state of a molecule can be produced
with a strong deviation from a Boltzmann equilibrium.
However, in most of the cases, the rotational distribution of
the ground state will thermalize because the lifetime of the
ground state is typically long enough to allow many collisions
with heavy particles to occur. But if the mean free path between
collisions is comparable to the vessel’s dimensions, or if the
ground state is a chemically active radical with a short lifetime,
one has to take care of the production mechanism. Note that
at very low pressures (i.e. the mean free path is of the order of
one of the vessel dimensions) often both wall collisions (wall
temperature) and bulk collisions (gas temperature) influence
the rotational distribution [36]. This simplified picture can
become more complicated when association processes occur
at the surface (see further).

For excited states, which are commonly observed by
optical emission spectroscopy, the situation is much more
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critical due to their often very short lifetime. We first treat
the traditional way of gas temperature measurements from
rotational spectra which is applicable in two limits: at low
pressures (without collisions during the lifetime of the excited
state) and at high pressures (strongly collisional regime).

In the low-pressure limit, it can sometimes be assumed
that the excited state is solely produced by electron excitations.
Often the following assumptions can be made.

(i) The ground state distribution obeys a Boltzmann
distribution and the rotational temperature equals the gas
temperature.

(ii) The electron excitation does not depend on the rotational
level (no change, or very small change of the rotational
quantum number occurs).

(iii) The (effective) lifetime of the excited state is short in
comparison with the RET time in the excited state.

In this case, the electron excitations will basically map the
ground state rotational distribution onto the excited state
rotational distribution. This is because the electron excitation
cross-sections drop significantly for increasing �J [37].
An example for homonuclear molecules (considering only
�J = 0) such as H2 can be found in [4]. For heteronuclear
molecules, it becomes more complex as normally both
�J = 0, ±1 need to be considered. An example for the
BH(A–X) transition can be found in [38].

The nascent distribution is thus an almost thermal distribu-
tion. However, in this case one needs to use the rotational con-
stant B ′′ of the ground state from which the molecule has been
excited, or correct the temperature obtained with the rotational
constant of the upper state B ′ by a factor B ′′/B ′.

The necessary assumptions are often encountered in low
pressure, low density ionizing plasmas with no collisions in the
excited state during its lifetime. In this case, electron excitation
is often also the dominant excitation mechanism. An example
of a low-pressure plasma can be found in [39] for H2, in which
the impact of the production mechanisms on the rotational
temperature is considered.

The other limiting case is the high collisional regime for
relatively long-lived electronic states. In this case several
collisions between a molecule in this state and the background
gas occur during its lifetime. These collisions thermalize
a potentially non-thermal nascent rotational population
distribution before the emission of a photon. This means
that the RET rate needs to be considerably larger than the
depopulation rate 1/τf , with τf the effective lifetime of the
excited state. This condition is clearly favored in high-pressure
plasmas, although one must also consider that at high pressures
the collisional quenching (depopulation of the excited state by
collisions without the emission of a photon) can significantly
reduce the effective lifetime of the excited state.

For both of these two limiting cases, the measured
rotational population distribution is Boltzmann and the
rotational temperature equals the gas temperature, provided the
necessary correction for the difference in rotational constants
of the excited and ground state has been made. However, the
Boltzmann equilibrium cannot be reached in all other cases:
i.e. when at least one production mechanism leads to a nascent

rotational distribution which does not reflect the thermalized
ground state rotational population AND the effective lifetime
of the excited state is not long enough to cause thermalization
by collisions (RET) of all rotational levels in these states.

An illustrative example is a LIF experiment in which a
single rotational level is populated by laser excitation. The
time-resolved measurements of the fluorescence spectrum
of OH(A) in a 20 Torr, C3H8/O2 flame at different time
delays shown in figure 3 illustrate clearly the importance of
thermalizing collisions when a strongly non-thermal nascent
rotational distribution is produced.

If the rotational spectra are not recorded in one of the two
above-cited limits, the production mechanisms always (at least
partly) determine the rotational population distribution. This
motivates why not only rotational thermalization times but also
knowledge of the production processes of the excited state from
which the emission is observed is important in the analysis
of the rotational distribution. The production mechanisms
involved in production of excited diatomic molecules and the
corresponding nascent rotational distributions are presented in
detail in the next section.

4. The production and corresponding nascent

rotational population distribution of diatomic

molecular states

This section introduces the production mechanisms of
rotationally excited molecules in plasmas. An extensive
literature is available treating this topic although the work is
mainly performed in non-plasma-related research fields.

Apart from electronic excitation from the ground state
to an excited state of a diatomic molecule, several other
mechanisms in a plasma can be responsible for the production
of electronically excited diatomic molecules. These processes
include metastable (energy transfer) excitation, electron
dissociative excitation, photo-dissociation of polyatomic
molecules, electron–ion dissociative recombination, charge
transfer and heavy particle excitation. Note that some
of the above-mentioned mechanisms such as dissociative
recombination and charge transfer are often important in
recombining or high electron density plasmas (with a
low electron temperature). On the other hand, electron
(dissociative) excitation is often dominant in low electron
density strongly ionizing plasmas (with a relatively high
electron temperature). The importance of production
mechanisms of an excited molecule thus strongly depends on
the plasma properties and needs to be considered case by case
for each plasma.

4.1. Excitation (and ionization) processes

If a laser with a narrow bandwidth (of the same order as the
line width) is tuned to a molecular electronic transition, the
excitation from one rotational level of the ground state leads to
the overpopulation of a specific rotational level in the excited
state. This is the absolute limit which can be achieved for a
specific rotational excitation. As already shown in figure 3,
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Figure 3. Fluorescence spectrum of OH(A–X) (0–0) excited by the Q1(7) (0–0) transition at delay times of 0, 5, 10 and 15 ns after the
excitation. The initial fluorescence mostly originates from the J ′ = 7.5 level which is pumped by the laser. Collisional RET leads to a
thermalized distribution when the delay after excitation increases [40].

Figure 4. Rotational population distribution of N2(C) ν ′ = 0 state
produced by excitation of N2(X) by argon metastable atoms
(predominantly in Ar (3P2) state) [41] at 1 Torr. The superposition of
two linear fits corresponds to two Boltzmann distributions with
temperature parameters of 950 and 2300 K, respectively.

collisional-induced rotational transfers will redistribute the
single level excitation over the rotational manifold.

In the case of electron excitation from the ground state
to the excited state, one can often assume that the excitation
occurs without or with small change in the rotational quantum
number as illustrated above (see also [37]). In the low-pressure
limit (as detailed above) this leads to a rotational distribution
in the excited state which is a mapping of the ground state. It
will thus be a good representation of the gas temperature.

In addition, metastable excitation, charge transfer and or
Penning ionization can also produce molecules in the excited
states with specific rotational distributions, as illustrated
in figure 4 for the excitation energy transfer from argon
metastable atoms to nitrogen. The electronic energy of rare

gas metastable atoms, and of some molecules such as N2(A)
is indeed often high enough to electronically excite many
molecules. An often encountered example in non-equilibrium
plasmas is the energy transfer from argon metastable atoms in
Ar(3P2) and Ar(3P0) states to N2(X) producing electronically
excited N2(C) molecules. As this reaction is a near resonance
process, it is often a dominant production mechanism in Ar
discharges with small additions of N2 or air. The density of
molecules formed in rotational levels of the N2(C) state shows
a specific distribution which depends not only on the electronic
state of argon metastable atoms (Ar(3P2) or Ar(3P0)) and the
bath gas temperature [42], but also on the vibrational level
in which N2(C) is produced [43]. For the high rotational
levels of the v′ = 0 vibrational level of N2(C), the nascent
distribution can be fitted by the superposition of two Boltzmann
distributions, as shown in figure 4.

An important vibrational level dependence of the
produced rotational level’s density distribution has also been
reported for the excitation transfer from Kr(3P2) and Xe(3P2)
metastable atoms to nitrogen [44–48]. Energy transfer from
Xe(3P2) atoms selectively populates vibrational levels ν ′ � 5
of the N2(B) state. Due to the possibility of collisional
rotational relaxation during the rather long radiative lifetime
of this state (τ = 4 to 8 µs), molecular beam experiments
were necessary to obtain the nascent rotational distributions
[46, 47]. Despite the about 500 cm−1 endoergic character
of the reaction for the ν ′ = 5 level, almost 80% of the
product goes to this level whose nascent rotational distribution
can be represented with a rotational temperature of about
200 K, even if the ground state nitrogen molecule was at
room temperature [44, 46, 47]. However, the nascent rotational
temperature of the less populated lower vibrational levels
ν ′ � 4 can reach 3500 K [47]. Energy transfer from
Kr(3P2) metastable atoms also produces N2(B) molecules
in vibrational levels up to ν ′ = 12 [44, 48]. Under room
temperature conditions, the nascent rotational distributions
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correspond to rotational temperatures of about 1200 K [48].
Flowing afterglow experiments with argon and neon as carrier
gas have shown [44] that the nascent rotational and vibrational
distributions of N2(B) were less modified due to collisions with
neon, as compared with argon as the collision partner.

Similarly, NO(X) excitation by N2(A) metastable
molecules has also been shown to cause large excitation of
rotational levels for N > 20 of the produced NO(A) excited
state [49].

There exist examples for the excitation transfer from
metastable atoms in which, due to the energy constraint
(the electronic + vibrational energy of the product slightly
higher than the energy of the metastable state), the rotational
temperature of the nascent distribution is lower than the gas
temperature. Amongst them, one can cite N2(B, ν ′ = 5)
produced by energy transfer from Xe(3P2) metastable atom to
N2 [44, 46, 47] and N2(C, ν ′ = 3) produced by energy transfer
from Ar(3P2) metastable atoms to N2 [50].

An interesting case is the excitation of the CO(X)
molecule by Kr(3P0) metastable atoms leading to the
production of CO(a′ 3�+) in vibrational levels ν ′ = 33, 34
and 35 for 12CO and ν ′ = 34 to 36 for 13CO [51]. In all
vibrational levels, the nascent rotational distributions have
been fitted with a rotational temperature of 100–150 K. If the
energy constraint can be invoked for the higher vibrational
levels, the production channels for 12CO(a′; ν ′ = 33) and
13CO(a′; ν ′ = 34) are exoergic by 330 cm−1 and 150 cm−1,
respectively. Surprisingly, the nascent rotational temperature
in the neighboring 12CO(b3�+, ν ′ = 1) state, for which the
excitation channel is 840 cm−1 endoergic, is about 300 K [51].
The first explanation proposed by the authors of [51] was the
rotational angular momentum constraint during the excitation
transfer reaction. The rotational constant for CO(a′; ν ′ ≈ 35)
is about 2.5 times smaller than that for CO(X) [20]. If the
energy transfer process occurs with approximate conservation
of the rotational angular momentum of the CO molecule, since
B ′

v is smaller for CO(a′), its rotational energy is reduced. This
phenomenon does not happen for CO(b; ν ′ = 1) which has
a rotational constant close to the one of the ground state.
This would definitely be a similar situation as the electron-
impact excitation case of the diatomic molecule (see above)
but the effect was finally attributed to the diminution of the
radiative lifetime of 12CO(a′, ν ′ = 33) with increasing N ,
which was responsible for the observed anomalous distribution
in this state. Perturbation in a′ 3�+ levels (τrad = 3 µs) was
induced by mixing of b 3�+ state (τrad = 60 ns), where mixing
is increasing with N [52].

A charge-transfer reaction which is often encountered in
non-equilibrium high-pressure helium plasmas is He+

2 + N2 →

N+
2(B)+2He. This process has been studied by Endoh et al [53]

and exhibits high rotational excitation (figure 5). It can be
approximated by a Boltzmann distribution with a temperature
parameter of 900 K for N ′ > 6.

Similar results have been found for the formation of
CO+ by charge transfer from He+

2 to CO. The rotational
temperatures found by metastable induced ionization of N2

and CO show significantly lower rotational excitation and can
be approximated by Boltzmann distributions with temperature

Figure 5. Rotational distributions of the N+
2(B) state produced by

He+
2-induced charge exchange and Hem Penning ionization of

N2(X) [53]. The distribution corresponding to the charge exchange
reaction shows high rotational excitation while the distribution
corresponding to the Penning ionization is close to thermal. The
temperature parameters are 900 ± 60 K and 360 ± 60 K, respectively.

Figure 6. Nascent rotational populations of the first three
vibrational levels of the CO+(X) state produced by charge exchange
of N+ with CO [54]. The rotational distributions strongly depend on
the vibrational level.

parameters of 360 K and 310 K, respectively, in the case of
CO [53] (see also figure 5).

Both the production of N+
2 and CO+ have been investigated

in considerable detail for the charge transfer from Ar ions
[55–57]. An interesting example is also the reaction N+ +
CO → CO+ + N. Figure 6 presents the nascent rotational
populations of the first three vibrational levels of the ground
state CO(X) molecule, produced by charge-exchange from N+

to CO+ ion [54]. It is immediately clear that the rotational
distributions strongly depend on the vibrational level of the
exit channel. Note that in this particular case the temperature
parameter of the Boltzmann distribution representing the
higher rotational states is smaller than the temperature
parameter of the Boltzmann distribution corresponding to the
low rotational levels.

Penning ionization of many molecules is possible by
helium metastables, due to the large internal energy (19.8 eV)
of the He(23S) state. Richardson and Setser [58] have reported
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on the production of N2, CO, O2, HCl, HBr and Cl2 ions in their
excited states. The rotational populations of N+

2(B), CO+(B),
HBr+(A) and HCl+(A) are found to be very similar to those
of the neutral precursor molecule. At room temperature, the
rotational temperature of N+

2(B) was 30 to 50 K larger than
the gas temperature, in correspondence with the result from
the study presented in figure 5. Interestingly, at 77 K, a non-
Boltzmann distribution was found for N+

2(B). In addition,
excitation from N+

2(X) to N+
2(B) by highly vibrationally excited

nitrogen molecules has been suggested by Linss to produce a
non-thermal rotational population distribution [59].

4.2. Production of excited states through dissociation

Dissociation of polyatomic molecules can lead to the
production of electronically excited diatomic molecules, which
can lead to UV and visible emission. The dissociation
process can add a significant degree of complexity to the
above described process of excitation and ionization. In
many dissociation processes, apart from the reaction products
an excess of energy is present. This excess energy can be
redistributed between the different degrees of freedom of the
products, i.e. translation, rotation, vibration and excitation.
Dissociation often can lead to a significant ro-vibrational
excitation. This is relatively easy to understand by the
following simplified classical considerations. The distance
between two atoms in the polyatomic parent molecule can
be significantly larger in comparison with the distance in the
product diatomic molecule. In this case, the Franck–Condon
principle will ensure that the fragment production is favored
for large vibrational excitation. One can thus state that the
vibrational excitation of the dissociation product can provide
information on the bond length of the molecule during the
dissociation path.

In a similar classical view, one can consider that the
nascent rotational distribution of the produced diatomic
molecule will be strongly determined by the change in the bond
angle along the dissociation path. Indeed, rotational excitation
can take up the change in angular momentum. If one would
consider a linear molecule which dissociates along its axis, no
significant rotational excitation would be necessary to take up
the change in angular momentum. In models of dissociation
conditions, it is sometimes assumed, for this reason, that the
dissociation occurs along a linear trajectory so that vibrational
excitation without rotational excitation has to be considered
(see, e.g., [60]). For more details on this topic the reader is
referred to the book by Schinke [61].

4.2.1. Photo-dissociation. Photo-dissociation of polyatomic
molecules producing diatomic molecules in an excited state
is often studied to investigate the dissociation pathways and
molecular band structures of the parent molecule. The
fragmentation mechanism/pathway strongly influences and
determines the rotational distribution of the product molecule.
Photo-dissociation is often seen as a two-step process
consisting of absorption of a photon with the production of an
excited (unstable) molecular state and the dissociation of this
state. The final product state distributions will depend both

Figure 7. Nascent rotational distributions of CO following the
photolysis of H2CO, HDCO and D2CO, respectively. Measured
values are compared with theoretical predictions [62].

on the absorption and subsequently the dissociation process.
Both the potential energy surfaces of the unstable excited state
and the intermolecular forces acting on the product fragments
during the dissociation significantly influence and determine
the rotational distribution of the final molecular product. The
nascent rotational distribution is in this case not related to a
kinetic temperature.

Examples of CO rotational distributions obtained by
photo-dissociation of H2CO, HDCO and D2CO are shown
in figure 7. This figure clearly illustrates the influence of
the parent molecule and thus the different inter-atomic and
molecular forces during the fragmentation process on the
rotational distribution of the CO product fragment. There is
an extensive literature on photodissociation and the internal
rotational distributions of the products. Examples include
radicals and molecules such as OH (from H2O and H2O2),
NO, HF, HBr, H2 and NH [63–69].

4.2.2. Electron induced dissociation/dissociative excitation.

Dissociation of polyatomic molecules can be induced by
energetic electrons instead of photons. The process is very
similar to the photon-induced excitation in which the formed
excited state of the parent molecule subsequently dissociates.
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Figure 8. Nascent rotational distribution of OH(A) produced by
electron-impact dissociative excitation of water vapor in an electron
beam [70]. The rotational distribution can be fitted with a
superposition of three Boltzmann distributions with three different
temperature parameters.

As electrons in plasmas often have a broad energy distribution,
several different excited states can potentially be produced
of which one or more could contribute to the production of
the electronically excited diatomic molecule. Each pathway
can potentially produce a different rotational distribution of its
product molecules.

A typical example of a commonly occurring process
in plasmas is the electron dissociative excitation of H2O to
form OH(A) [70, 71]. This process has been studied with a
monoenergetic electron beam. An example of the rotational
distribution obtained from the emission spectra of the OH(A–
X) transition is shown in figure 8. It is possible to fit the
distribution by three superimposed Boltzmann distributions.
Mohlmann et al suggested that the three rotational distributions
originate from different dissociation pathways [70].

Electron-induced dissociative excitation has been inves-
tigated for many systems including CH(A) formation from
acetylene, NH(A) formation from NH3 and CO from CO2

[72–74]; just to mention a few molecular systems which are
of interest in non-equilibrium plasmas. All nascent rotational
distributions show significant rotational excitation and can be
fitted with a single Boltzmann distribution or the superposition
of several Boltzmann distributions.

4.2.3. Dissociative recombination. As shown above,
diatomic fragments produced from the dissociation of
polyatomic molecules are often produced with strong ro-
vibrational excitation. It is thus to be expected that dissociative
recombination of polyatomic ions with an electron can also
lead to ro-vibrational excitation. An example reported in
[75] is the H2O+-electron recombination which produces
OH(A) with significant ro-vibrational excitation. The low-
resolution spectra obtained in [75] could be fitted assuming

a Boltzmann distribution for the rotational levels with a
temperature parameter of 4000 K for both ν = 0 and 1.
A nice example to illustrate that dissociative recombination
can be an important production mechanism in plasmas is the
dramatic enhancement of OH(A–X) emission in a recombining
hydrogen plasma [76]. The production of H2O, due to
chemical etching of the glass tube surface by H atoms and
subsequent ionization is proposed to be the most likely origin
of H2O+ in the hydrogen plasma. In addition, the effective
rotational temperature of OH(A) is 4200 K (very similar to the
value obtained by Sonnefroh et al [75]) while the translational
temperature measured from the hydrogen atoms (measured in
the ionizing plasma) is only 2000 K.

The production of electronically excited CO from
dissociative recombination of the CO+

2 ion with an electron
has also been investigated. Depending on the reported
excited state, nascent rotational distributions with temperature
parameters ranging from 400 to 1000 K are found under room
temperature conditions. Nonetheless, the main excess energy
in the dissociation reaction is stored in vibrational excitation
[77, 78] and the nascent rotational distributions strongly
depend on the vibrational level [78]. Anomalously large
rotational excitation of CO has been found in low-pressure
glow discharges and was attributed to the dissociative electron
recombination of the cluster (CO)+

2 ion [79]. Dissociative
recombination is an important mechanism for non-equilibrium
distributions, in particular for recombining plasmas with high
electron densities.

4.2.4. Ion–molecule reactions. Ion–molecule reactions are
of overwhelming importance in the interstellar medium and
in many laboratory plasmas [80]. This is due to the absence
of a repulsive barrier in most or all ion molecule reactions.
In many dilute astrophysical plasmas the circumstances are
different from plasma chemistry with much lower heavy par-
ticle temperature and densities. Examples are dark clouds
and diffuse clouds with neutral densities in the range 108–
1010 m−3 and temperature as low as 10 K. The ionization
degree is low and can be in the range 10−6–10−7 [60, 81].
Time constants and length scales are thus vastly different com-
pared with conventional laboratory plasmas. Ion–molecule
and charge transfer reactions as the proton transfer and disso-
ciative recombination are important in astrochemistry because
of the low heavy particle temperatures. An important example
is the H+

3 ion which is of significant interest for astrochemistry.
H+

3 ions serve as a proton donor and facilitate the build-up
of molecules from the atomic constituents of the early uni-
verse: H+

3 + C2 → C2H+ + H2 [82]. In this recombination
reaction excess energy is present which can be channeled into
ro-vibrational excitation [83]. In addition, ion–molecule reac-
tions which are very important, particularly in plasmas, are the
charge exchange reactions which have been addressed above.

4.2.5. Metastable induced dissociative excitation. In the
case of OH(A–X) emission in water-containing Ar discharges,
similar findings of rotational spectra consisting of seemingly
two Boltzmann distributions are found [84]. The production
of non-thermal rotational distributions in this case is also
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considered to be due to the direct dissociative excitation of
water by Ar metastable atoms. In crossed-beam experiments
with Ar metastables and H2O, rotational distributions in the
product OH(A) radical resembling a Boltzmann distribution
with an effective temperature of 4500 K are found [85]. In
dissociative excitation of BrCN by argon metastable atoms, the
nascent rotational distributions of CN(B) can also be described
by a superposition of two Boltzmann distributions (with an
overpopulation of high rotational levels) [86].

4.2.6. Dissociative charge transfer. Dissociative charge
transfer can occur in the reaction of He+ with H2O, producing
ro-vibrationally excited OH+(A) with considerable rotational
excitation [87]. The OH(A–X) emission originating from the
reaction of Ar+ with H2O and producing ArH+ and OH(A) has
also been studied [88]. To obtain a good fit of the rotational
spectrum, a superposition of two Boltzmann distributions
is necessary, with temperature parameters depending on the
collisional energy [88].

4.3. Chemical and neutral induced dissociation reactions

Chemical reactions can also lead to the production of
rotationally excited molecules. Examples of chemical
production mechanisms of ground state OH(X) include
O(1D) + H2O → 2OH and reactions of atomic oxygen with
hydrocarbons. Tanaka et al [89] studied the water dissociation
reaction by different isotopes of the O(1D) metastable oxygen
atom and found that the process occurs due to H abstraction.
The newly formed OH in the ν = 0 level has a rotational
temperature parameter of 6000 K while the OH remaining
from the parent water molecule has a Tr of 2600 K. Both
temperature parameters depend on the vibrational level. The
chemical reactions which produce OH from hydrocarbons have
been shown to be able to yield rotational distributions of the
OH(X), which can be described by the superposition of two
Boltzmann distributions [90, 91]. Similar studies have been
performed for other molecules, such as NH(X) [92], HD [93]
and NaH [94] which originate from dissociation reactions. The
above examples are molecules/radicals produced in the ground
state but they can also be produced in the excited state. An
example is the CH(A–X) emission in the chemical reaction of
C2H and O(3P) [95].

4.4. Surface reactions

Surface association reactions of atoms can also lead to ro-
vibrationally excited molecules. It is found by Creighan et al

[96] that both H2 and HD can be produced with rotational
distributions which significantly exceed the temperature of the
graphite surface at 15–50 K. These processes are of importance
for astrochemistry and therefore a significant amount of
information is available at these low temperatures. It must
be stated that the opposite (reduction in rotational excitation or
rotational cooling) has also been observed on a Pd surface [97].
For surface reactions, there exists a model of so-called hindered
rotational states for molecules adsorbed on surfaces. Basically,
one of the atoms is fixed to a surface and the solid angle in which
the molecule can freely rotate is restricted. From this model,

the obtained rotational population distribution is very similar
to the typical rotational distributions with an overpopulation
of high rotational levels as observed in dissociative processes
occurring in plasmas [98]. The very detailed H2, D2 and HD
ro-vibrational distributions measured by Gabriel et al [229]
are an example of the possible influence of surface reactions
in recombining plasmas.

4.5. Important remark on nascent distributions

An important observation is that in many cases, the nascent
rotational population distributions can be fitted with a
Boltzmann distribution or with the superposition of several
Boltzmann distributions, in spite of the fact that this is not
a priori to be expected. The temperature parameters of the
nascent distributions do not have any meaning as a kinetic tem-
perature. As a consequence, observing a rotational Boltzmann
distribution is a necessary but not sufficient condition for
assuming that the rotational distributions are in equilibrium
with the gas kinetic temperature. This representation of
the rotational level densities by the well-known Boltzmann
distribution is useful but can be a source of error when it
is automatically interpreted as a rotation–translation equilib-
rium in non-equilibrium plasmas. Note that in the majority of
cases shown, an overpopulation of high rotational states occurs,
which in the absence of thermalization of the rotational states
would typically lead to a larger rotational temperature parame-
ter in comparison with the gas temperature. Nonetheless, there
are a few exceptions, as in the case of the CO(X; ν = 1) shown
in figure 6 and with excitation transfer from metastable atoms
with energy constraints as described above.

5. Additional effects influencing rotational

population distributions

When one is observing the emission from an excited state
produced by a reaction which is known to populate rotational
levels with a specific rotational distribution, the RET is of
course of key importance in the interpretation of the observed
rotational distribution. The rotational distribution can
represent an imprint of the formation process, a representation
of the kinetic temperature or a combination of both. In
addition, all level-specific parameters which can depend on
the rotational quantum number, such as the effective lifetime or
the collisional transfer properties, can influence the rotational
population distribution. In this section, a small comment is also
made on the transition probability dependence of the rotational
states.

5.1. Level-dependent cross-sections for RET

RET can depend on the rotational number and may strongly
influence the thermalization time of the rotational states.
It is important to note that the thermalization time is also
determined by the nascent rotational population distribution
(at least the amount of its deviation from equilibrium). If
the nascent rotational population distribution is far from
the thermalized Boltzmann distribution, thermalization by
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Figure 9. Calculated total RET cross-section for OH(A) in
collisions with He as a function of the initial level and the gas
temperature [99].

collisional transfers between rotational levels needs to occur
in order to measure the gas temperature. An example of the
dependence of the total RET cross-section on the rotational
number for OH(A) is shown in figure 9. From this figure it is
clear that the RET cross-section changes by almost a factor
of 60 between N = 1 to N = 10. Given such a strong
dependence on the rotational quantum number of the rotational
transfer rate, it is logical to consider different time scales for
the thermalization of different parts of the rotational population
distribution. As a general rule, RET rate coefficients tend to
zero when with increasing rotational number J , the energy gap
between the rotational levels becomes comparable or larger
than kTg, the kinetic energy.

The above effect can be easily understood by the following
simplified treatment taken from [100]. State-to-state RET
coefficients (kif (Ji → Jf )) have been extensively measured
for different diatomic molecules. Several scaling laws (see,
for example, [99]) have been proposed including a power
scaling law kif ∝ �E

−γ

if with γ a positive constant. Assuming
γ ≈ 1 and considering that �Eif ≈ 2BJi�J one reaches
the conclusion that the state-to-state RET rate scales with
1/(Ji�J). The most important collisional transfers end in
the neighboring rotational levels, with small �J values. This
also clearly illustrates the observed faster-reached population
equilibrium for small Ji levels in comparison with large ones.
This effect will be further increased (as is illustrated in figure 9)
by the fact that the total RET rate (summed RET rate out of a
single level) will be larger at small Ji because there is a larger
availability of Jf levels due to the small energy gap between
the levels.

The rotational level-dependent RET has also been
measured for e.g. CH(A) [101], CN(X) [102] and NO(A)
[103]. Note that the dependence on rotational level is typically
more pronounced for the molecules with a low reduced mass,
i.e. containing a H, like CH and OH, compared with molecules
with a large reduced mass like NO. This is mainly due to the
larger rotational constant B in the former molecules which
results in much faster enhancement with Ji of the energy

Figure 10. Emission spectrum of OH(A–X) and corresponding fits
obtained in an atmospheric pressure glow discharge with two
different water concentrations. The remnants of the nascent
non-Boltzmann distribution is in this case even observed at
atmospheric pressure due to the significant collisional quenching and
the consequent reduction of the effective lifetime of the OH(A) state.
The gas temperature remains constant within 350 ± 50 K [105].

gap between levels. Note that the gas temperature can have
a significant effect on the RET rates and thermalization as
recently shown for NO(A) [104].

In the rest of this section, two examples for which RET is
an important factor in the experimentally observed rotational
population distribution are presented. An enhancement of
the overpopulation of high rotational levels of the excited
electronic state OH(A) has been observed in a diffuse
atmospheric pressure RF glow discharge operating in He–H2O
mixtures when the water vapor pressure was increased [105].
Note that due to the large collisional quenching rate of OH(A)
by H2O, an increase in the H2O concentration leads to a
reduced effective lifetime of the OH(A) state. When the
spectrum is fitted with the superposition of two Boltzmann
distributions, the temperature parameter corresponding with
the lower rotational levels is found to be close to the gas
temperature (see figure 10). Indeed, the low rotational levels
have faster RET rates compared with the higher rotational
states, in spite of the reduced effective lifetime; the He–OH(A)
collision frequency in low rotational levels is high enough to
lead to a Boltzmann equilibrium at the He gas temperature
while this is not the case for the high rotational levels. The
levels with large rotational numbers still reflect, to a large
extent, the nascent rotational distribution of their production
mechanism. In this particular case, with an electron density
of the order of 1017 m−3 and water present as an impurity,
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Figure 11. Rotational population distribution of OH(A) at different
times after their production in pure water vapor at 1360 K. It is
assumed that the nascent OH(A) rotational populations is a
Boltzmann distribution with a temperature parameter of 8800 K.
The equilibrium Boltzmann distribution at a gas temperature of
1360 K is also included in the figure (solid green line) as a reference.

OH(A) is mainly produced by the dissociative recombination
of electrons with water ions or by Penning ionization of trace
water molecules by Hem (see also [106]). On the other
hand, if water is present at larger amounts, the electron-
impact dissociative excitation of water dominates the OH(A)
production. Note that both dissociative e–ion recombination of
the water ion and the electron dissociative excitation of water
are processes which produce nascent rotational population
distributions with high rotational excitation (see above).

A second example is presented to illustrate that RET can
also cause a two-temperature distribution even if the nascent
rotational distribution can be fitted with a single Boltzmann
distribution. As an illustrative example we approach the
experimental conditions of the result presented in figure 1.
Kienle et al [99] have published an RET fitting model which
is validated by RET rate measurements of OH(A) by water
at 1360 K. The fitting model, which is a so-called ECS-P
model (energy corrected sudden power law model, which
describes the correlations used to obtain the RET rates for
different rotational levels, see [99] for details), allows one to
obtain RET rates for all rotational levels of the OH(A) ν = 0
rotational manifold. Note that 1360 K is close to the estimated
gas temperature of 1550 K in figure 1. At least, qualitative
information on the experimental conditions of figure 1 can be
obtained with this approach.

The different OH(A) rotational population distributions
as a function of time after their production are calculated
starting from a nascent OH(A) Boltzmann distribution with
a temperature parameter of 8800 K. The used RET rates are
obtained as described above. As mentioned above, the RET
rate decreases with increasing rotational number. This means
that the lower rotational levels reach equilibrium with the gas
temperature much faster than the high rotational levels. As
can be seen in figure 11, this effect leads to the formation
of a hockey-stick shaped distribution which, in some cases,

can be approximated by the superposition of two Boltzmann
distributions. This result shows that in strongly collisional
high-pressure plasmas, when RET is fast, the shape of the
rotational distribution in the excited states of molecules is
significantly, if not strongly, influenced by the RET. Note
that in this specific case, it takes approximately 1 ns for the
rotational levels up to N = 7 to thermalize, while 10 ns is
necessary for rotational levels around N = 20. When the
strongly collisional quenching reduces the effective lifetime of
the excited state to about 1 ns, as in the case of the atmospheric
pressure plasma of figure 1, population of the high rotational
levels still exhibit remnants of the nascent distribution and
provide an image of the formation process.

Similar findings of partly thermalized rotational distribu-
tions at atmospheric pressure have been published for CH(A–
X) emission by Luque et al [107] and for N2(C) by Wang
et al [100]. It must be emphasized that effects on the rotational
distribution function by level-dependent cross-sections of RET
can be very important in atmospheric pressure plasmas and in
several cases, the lower rotational levels allow estimation of
the gas temperature [100]. In this case, it is possible to accu-
rately fit a multiple Boltzmann distribution or make Boltzmann
plots which allow an accurate temperature measurement when
a sufficiently high-resolution rotational spectrum is available
(see also below).

5.2. Effective lifetime dependence on rotational states

The emission intensity from a rotational level is proportional
to the product of the density in this level by the Einstein A
coefficient of the observed line:

IJ ′J ′′ ∝ nJ ′AJ ′J ′′νJ ′′J ′ . (8)

Under steady-state conditions, the density nJ ′ is related to
the population term of the level, SJ ′ , the line strength, and
its effective lifetime, τJ ′ , and the above equation can be
rewritten as

IJ ′J ′′ ∝ nJ ′νJ ′J ′′AJ ′J ′′ = SJ ′νJ ′′J ′AJ ′J ′′τ (9)

= SJ ′νJ ′′J ′

AJ ′J ′′

�ν ′′J ′′AJ ′′J ′ + �ikq,i,ν ′J ′ni + Apd

. (10)

The effective lifetime τJ ′ is determined by the Einstein A
coefficient (AJ ′J ′′ ), the collisional quenching (kq,i) and the pre-
dissociation rates (Apd ). Collisional quenching is important
for high density and high-pressure plasmas and the quenching
rate can depend on the rotational level (see, for example, the
case of OH(A) [108]). Pre-dissociation can be important, for
example, for OH(A) or NH(A and c) [109]. It usually becomes
more important for increasing vibrational number as the energy
gap between the dissociation limit and the energy of the level
reduces with increasing vibration number. Reported values
indicate that in the OH(A) ν ′ = 0 state, for N > 20, the
pre-dissociation rate equals the fluorescence rate [110].

For several molecules, the lifetime dependence of
rotational states can be safely ignored. For example in the
case of N+

2(B), the radiative lifetime of the rotational levels
between N ′ = 0 to 50 varies only by 5% [111].
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The effect of the lifetime is often neglected in the literature.
This is often a good approximation when only a limited
number of rotational lines, far from the pre-dissociation limit,
is considered, and if the dependence on collisional quenching
of the rotational level is not important.

5.3. Transition probability dependence of rotational levels

The intensity of emission from a given rotational level J ′ is
defined as IJ ′J ′′ ∝ nJ ′AJ ′J ′′νJ ′′J ′ with

AJ ′J ′′ =
g′

e

g′′
e

64π4

3h

SJ ′

J ′′

2J ′ + 1
pν ′J ′

ν ′′J ′′(ν
ν ′J ′

ν ′′J ′′)
3. (11)

In this formula pν ′J ′

ν ′′J ′′ is the ro-vibrational transition probability,
SJ ′

J ′′ is the Hönl–London factor or line strength, ge = (2 −

δ0,
)(2S + 1) with S being the state spin multiplicity and
δ0,
 = 1 for � states while 0 for all others. When dealing
with only the relative intensities of rotational lines belonging
to the same vibrational band, one can often find in the literature
the following relation for the relative intensities:

IJ ′J ′′ ∝ nJ ′

SJ ′

J ′′

2J ′ + 1
(νν ′J ′

ν ′′J ′′)
4, (12)

which uses the line strength SJ ′

J ′′ rather than the Einstein
A coefficient (AJ ′′J ′). This, however, assumes that the ro-
vibrational transition probability (pν ′J ′

ν ′′J ′′ ) does not depend on
the rotational level. This assumption, for example, is correct
for the N+

2(B) state (for which an example using SJ ′

J ′′ factors is
shown in figure 5) but not for the OH(A) state [111]. It is thus
better, when available, to use the Einstein A coefficients.

For the NH(A; ν = 0) radical, Smith et al have observed an
enhancement by about 15% of the lifetime between rotational
levels N = 4 and N = 25 of ν = 0 vibrational level. They
have attributed this variation to the decrease in the transition
moment with increasing centrifugal distortion of the molecule
[109]. The very sharp decay of the lifetime for rotational levels
above N = 25 (τ divided by 5 for N = 31) was attributed
to the pre-dissociation via interaction with A 3� and 5�−

states. The same trend was also observed in NH(A; ν = 1),
with τ reaching 10% of its low rotational value at N = 24.
These authors have also measured the lifetime of the NH(c1�;
ν = 0, 1) state, which for ν ′ = 0 changes significantly up to
N = 8 and hence slowly decreases up to N = 16, but a sharp
lowering of the τ was observed for ν ′ = 1 level [109]. The
conclusion of these authors was that the 5�− state, resulting
from the ground state asymptote, should be responsible for the
observed pre-dissociation in the c1� state, via spin–orbit or
spin–spin coupling [109].

6. Commonly used excited states for the

determination of the gas temperature by OES

The detailed analysis of excited states commonly used to
determine the gas temperature by OES will be restricted to
the following transitions: N2(C–B), OH(A–X) and N+

2(B–X).
These transitions nicely cover three different cases: a molecule
which is part of the feed gas, a molecule which, in most cases,
is formed by a dissociation process in the plasma and an ionic
transition.

Figure 12. High-resolution (4 pm, FWHM) rotational spectrum of
the N2(C–B;0–0) vibrational band recorded in a RF He–H2O diffuse
glow discharge at atmospheric pressure containing air impurities [9].

6.1. N2(C)

The N2(C 3�u–B 3�g) system, which is also called the second
positive system of nitrogen, is often responsible for the
dominant emission in air or N2-containing plasmas. Its
different vibrational branches range between 280 and 500 nm
with the head of the (0,0) vibrational transition at 337 nm [117].
Most often, the (0,0) transition or the (0,2) transition at 380 nm
is used to obtain the rotational temperature. Both upper and
lower electronic states are 3�, thus having three sub-states
each and with increasing J number evolve from case a to
case b of Hund [18], with 
-doubling of rotational levels.
The transition contains 27 branches, 9 of them being the
principal ones and sharing the essential intensity of high N ′

levels. Hönl–London coefficients for all 27 branches are given
in [16]. The spectroscopic constants of the transition can be
found in [19, 20, 118]. For very high-resolution spectroscopic
studies, one should use spectroscopic constants deduced by
Roux et al [119]. An example of a high-resolution rotational
spectrum of the N2(C–B; 0–0) vibrational band is shown in
figure 12.

Observing the N2(C–B) emission from a plasma is an
indication that N2 is present in the plasma reactor because the
excitation is usually not induced by a dissociation process.
Moreover, beside the direct electron-impact excitation from
the ground state, several other production mechanisms can
be responsible for the population of the N2(C) state. An
overview of the production mechanisms of N2(C) is given in
table 1. In the case of electron excitation, one should compare
the rotational constants of the parent and product state. The
rotational constants of the X, A and C states are 1.998, 1.455
and 1.825, respectively [118]. In particular, in the case of
excitation from the metastable N2(A) state, the temperature
deduced from rotational lines of the N2(C) state using the
rotational constants of the N2(C) state could be underestimated
if no RET occurs in this state.

The production mechanisms of N2(C) have been studied
in a pulsed RF discharge in the range of 0.1–3 Torr by De
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Table 1. Production reactions for N2(C) and the corresponding rate coefficients. Electron excitation reactions are calculated from the cross
sections in the given references assuming a Boltzmann EEDF.

Reaction Typical rate k (m3 s−1) Remark Ref.

Electron excitation

e− + N2(X) → e− + N2(C) 1.3 × 10−19–2.7 × 10−16 Te = 1–3 eV [112]
Eex = 11.0 eV [113]

e− + N2(A) → e− + N2(C) 5.6 × 10−16–2.7 × 10−14 Te = 1–3 eV [112]
Eex = 4.9 eV [113]

Metastable excitation

N2(A) + N2(A) → N2(C) + N2(X) 1.5 × 10−16 — [114]
Ar(3P2) + N2(X) → N2(C) + Ar 3.6 × 10−17 [115]

Dissociative recombination

N+
4 + e− → N2(C) + N2(X) 2.6 × 10−12 — [116]

Benedictis and Dilecce [120]. It is found that in the discharge,
the N2(C) is predominantly produced by N2(X) excitation.
In the late afterglow, when the electron temperature dropped
down to the gas temperature, the pooling reaction of N2(A)
becomes the most important. However, in the early afterglow
there can still be a contribution from the electron excitation of
the N2(A) metastable state. Note that the rate coefficient for
the electron excitation from N2(A) is only about two orders of
magnitude higher than the direct excitation from the ground
state. As a consequence, in most ionizing plasmas, it will not
be a dominant process. A similar study for a corona discharge
at atmospheric pressure is performed by Simek et al [121]. The
main difference is that in this case, due to the faster drop in Te

at higher pressures, which quickly reduces the rate of electron
excitation, the afterglow production of N2(C) is dominated by
the pooling reaction.

Note that the rate for N2(X) excitation by Ar(3P2) is
about five times smaller than the N2(A) pooling reaction.
As in many cases the N2(A) density is much smaller than
the ground state N2(X) density, excitation transfer from Ar
metastables is often a very important production mechanism
of N2(C). Isola et al [122] found a significant contribution
of Ar metastable excitation at low pressures when more than
50% N2 was present in the reactor. If instead of pure nitrogen
air is considered to be the impurity present in argon, at 25%
of its amount the excitation rates of N2(C) by direct electron
impact and by energy transfer from Ar metastables become
almost equivalent. The difference is due to the about six times
larger quenching rate of Ar(3P2) by O2 than by N2 [123]. As
shown above, the Ar metastable excitation leads to a nascent
rotational distribution with large rotational excitation. It is
suggested, based on indirect information, that the production
of N2(C) by pooling could potentially also produce high
rotational excitation [124, 125].

The dissociative recombination reaction of N+
4-producing

N2(C) is also reported [116]. However, as is shown, e.g.,
in a glow discharge at atmospheric pressure, N+

3 and N+

are dominant ions. In this particular case, while associative
ionization reactions producing N+

4 are the dominant ionization
processes in the discharge, the dominant ionic recombination
losses are due to the dissociative electron recombination of
N+

3 [126]. In low-pressure glow discharges, it is also found that
N+

4 is not the dominant ion [127]. At low pressures, the electron
temperature is large, causing important electron excitation of

N2(A) during the plasma on phase. The metastable molecules
can be very important in the afterglow. In most cases the
production of N2(C) by dissociative recombination will thus
not be important.

In a low-pressure CCl4 discharge, a comparative study
has been made between the rotational temperature (obtained
from LIF) of the ground state CCl molecule in equilibrium
with the gas temperature and Tr of N2(C) when N2 was added
as an actinometer gas [128]. The conclusion was that the
N2(C–B) emission can be used to measure the gas temperature,
provided such measurements are performed in the bulk of the
plasma and not in close proximity to surfaces. Examples of
such measurements can be found, e.g., in [129]. This example
illustrates the reliability of the N2(C–B) emission for the gas
temperature measurements even in plasmas with complex gas
mixtures and chemistry.

With exclusion of Ar-containing plasma and the above-
mentioned production of N2(C) by the pooling reaction of
N2(A), only few results can be found in the literature for
which the N2(C) system seems to have a rotational population
distribution that is not in equilibrium with the gas temperature.
Based on indirect evidence, it is suggested in [130] that
N2(C–B) emission in N2O plasmas (even at atmospheric
pressure) can also suffer from high rotational excitation. In
this case N2 is produced in dissociation processes which indeed
could lead to a high ro-vibrational excitation. In [131], the
rotational temperature of N2 is reported to significantly exceed
the gas temperature, although the presented spectrum seems to
have a contribution from the NH(A–X) system, which could
also cause the excessive estimated rotational temperature. In
fact, the presence of this NH(A–X) band was not taken into
account in the analysis.

In the case that a non-thermal nascent rotational
population distribution is expected, e.g. when Arm excitation is
the dominant production mechanism of N2(C), it is necessary
to estimate the rotational thermalization time and the effective
lifetime of the N2(C) state. The collisional quenching rates
with various colliding partners are summarized in table 2,
which allow calculation of the effective lifetime of N2(C) for
most plasma conditions. Note that the radiative lifetime of
the N2(C) state is 36 ns. Actually, in a nitrogen environment
at 300 K and 1 bar, the lifetime reduces to 3.3 ns while in air
under the same conditions the effective lifetime is only 0.6 ns.
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Table 2. Quenching rates for N2(C; v = 0) by different species.

Reaction k (m3 s−1) Ref.

N2(C) → N2(B) + hν 2.74 × 107 s−1 [132]
N2 1.1 × 10−17 [133]
O2 3.0 × 10−16 [134]
H2O 3.9 × 10−16 [134]
H2 3.3 × 10−16 [134]
CO 2.4 × 10−16 [135]
Ar 3 × 10−19 [136]

Table 3. Rotational–translational relaxation times and Zr values for
N2(X). The values are given for 300 K and atmospheric pressure if
not stated otherwise.

Collision τ

partner 10−10 s Zr Remarks Ref.

N2 5.8 4 [138]
7.4–12 5–9 [139]
5.9 4 [140]
5.9–21 4–15 300–1300 K [141]
5.2–10.9 4–8 200–2000 K [142]

He 4.5–10.3 4–9 [138]
Ar 4.1–5.8 3–4 [138]

32 20 [137]

A large amount of data does not exist on RET
measurements in the N2(C) state. Setser et al [41] estimated
a RET rate by collisions with argon (for �N = 1 collisions)
of 1.7 × 10−16 m3 s−1 for high rotational states (N ′ = 40) in
an Ar/N2 mixture ratio of 17. This rate can be compared with
the state-to-state RET rates by argon of the ground state of N2,
measured by Belikov et al [137] yielding values for �N = 2
collisions between 0.24 and 1.15 × 10−16 m3 s−1 at 300 K for
rotational levels below N = 12.

For N2(X) there exist a lot of data obtained from molecular
beam experiments, Raman scattering and thermal-acoustical
measurements which estimate the rotation–translation energy
transfer time or the total number of necessary collisions
to obtain equilibrium between rotational and translational
temperatures (Zr ). An overview of the rotational–translational
relaxation times and/or number of collisions for equilibration
is given in table 3. The large scattering in the data is
immediately clear. This could be (partly) due to the different
measurement conditions, which can induce large or small
deviations in the rotational distribution in comparison with the
translational temperature. This will of course also influence
the thermalization time [137]. The main conclusion from
table 3 is that thermalization typically occurs within less than
10 collisions, which corresponds to a time scale of about 1 ns at
atmospheric pressure. However, experimental results such as
obtained by Wang et al [100] illustrate that the thermalization
time in the lower rotational levels of the N2(C) is significantly
higher than 1 ns at atmospheric pressure. The comparable rates
obtained in N2(C) by Setser (�N = 1) for argon at N ′ = 40
and the highest rate reported for the ground state RET (�N =

2) is in agreement with this result. In addition, using the scaling
law Kif ∝ B−1, comparing with the thermalization time of the
lower levels of OH(A) in figure 11 (about 1 ns) and considering
the ratio of the rotational constants of OH(A) and N2(C), which

Figure 13. Flow chart indicating which conditions apply in the
determination of the gas temperature, Tg, from the N2(C–B)
emission bands. τ(C) is the lifetime of the N2(C) state, including
quenching, τ(C)R−T is the time for C-state rotation to gas
translation thermalization, Tr(C) and Tr(X) are the C-state and
ground state rotational temperatures, respectively, and N ′ is the
rotational quantum number for the C state. Adapted from [100].

is about 10, would lead to a typical thermalization time of
100 ps for the lower rotational states of N2(C). This would
indeed render the thermalization of the lower rotational levels
of N2(C) in air and in N2 at atmospheric pressure possible. This
result justifies the widespread use of the N2(C–B) emission to
obtain the gas temperatures in atmospheric pressure plasmas.

The flow chart given by Wang et al [100] as included in
figure 13 can be used to estimate the approach for obtaining
the gas temperature from N2(C–B). Basically, at atmospheric
pressure if argon is not the background gas and when the
lifetime of the N2(C) state is not significantly reduced by
quenching, e.g. in helium, N2(C–B) emission yields a good
measurement of the gas temperature. This is also the case in
low-pressure plasmas in which a maximum error of 9% can be
introduced if the rotational constant of the ground state is not
taken into account to deduce the gas temperature.

In conclusion, the N2(C–B) emission yields in many cases
the gas temperature with the main exception being when it
is observed in Ar plasmas (with a considerable metastable
density such that electron excitation of N2(C) from N2(X)

is no longer dominant). In argon plasmas, at low pressures no
translation temperature can be obtained. At high pressures, a
partial thermalization of the low rotational levels can occur and
a fit using a superposition of two Boltzmann distributions can
be used of which the distribution of the low rotational levels
yields a good estimate of the gas temperature [43]. It should
be noted that in Ar/N2 plasmas, the ν ′ = 3 and the ν ′ = 4
levels of the N2(C) state are populated predominantly by
electron-impact excitation, since energy transfer from the most
populated Ar(3P2) metastable state is not effective for these
levels. These levels can also be chosen for the gas temperature
determination if the intensity of their emission is strong enough
for recording a good quality rotational spectrum [100].
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Table 4. Production reactions for OH(A) and the corresponding rate coefficients. The electron-induced dissociation and attachment
processes are calculated from cross-sections reported in [146], assuming that the electron distribution is Maxwellian. It is assumed that the
gas temperature has a small effect on the calculation of the direct excitation reaction from the thermal rates published in [145].

Reaction Typical rate k (m3 s−1) Remark Ref.

Electron excitation

OH(X) + e → OH(A) + e 3.2 × 10−14–7.5 × 10−13 Te = 1–3 eV [145]

Electron dissociation

e− + H2O → OH(X) + H + e− 2.3 × 10−18–8.6 × 10−16 Te = 1–3 eV [146]
e− + H2O → OH(A) + H + e− 1.6 × 10−19–1.2 × 10−16 Te = 1–3 eV [146]

Dissociative attachment

e− + H2O → OH(A/X) + H− 4.8 × 10−18–7.8 × 10−17 Te = 1–3 eV [146]

Electron–ion dissociative recombination

e− + H2O+ → OH(A/X) + H 5.1 × 10−14T −1/2
e [147]

e− + H3O+ → OH(A/X) + H2(or 2H) 1.05 × 10−13T −1/2
e [148]

Positive–negative ion recombination

H− + H3O+ → OH(A/X) + H2 + H 2.3 × 10−13 Tg ≈ 300 K [148]

Metastables

N2(A) + OH(X) → OH(A) + N2(X) ×10−17 [149]
Arm + H2O → OH + H + Ar 4.5 × 10−16 Tg ≈ 300 K [150]

Charge exchange

Ar+ + H2O → OH(A/X) + ArH+ 0.5 × 10−15 [151]
He+

2 + H2O → OH(A) + HeH+ + He 1.3 × 10−16 [152]

6.2. OH(A)

The OH(A 2�+–X 2�i) emission around 309 nm is ubiquitous
in non-equilibrium plasmas because it is a strong transition and
the presence of trace amounts of water vapor in plasma reactors
is often difficult to prevent. The properties of the OH(A–X)
transition and the characteristic properties of the OH(A) state
have been extensively studied for years and OH(A) is probably
one of the most investigated electronically excited states. The
rotational lines and constants have been reported by Dieke
and Crosswhite [143]. More recently, calculated rotational
transition probabilities have been reported by Chidsey and
Crosley [144]. The transition has 12 branches. All necessary
constants of the OH(A–X) transition are included in the
Lifbase database [111]. As the reduced mass involved in the
rotational constant of OH is significantly small in comparison
with, e.g., N2, even with a moderately wavelength resolving
spectrometer it is possible to obtain partly rotationally resolved
spectra and clearly discern the band heads.

As in many cases the OH(A) is not directly produced from
OH(X) by electron impact and often dissociative excitation of
heavier polyatomic molecules is involved in this production;
the nascent rotational distribution of OH(A) is likely to be
non-thermal, often with a large rotational excitation. It is thus
critical for the adoption of the OH(A) rotational temperature
as the gas temperature to have detailed information on its pro-
duction mechanisms. This will yield a first assessment on the
expected amount of rotational excitation (and thus a measure
of the deviation from equilibrium) due to the production pro-
cess. In addition, together with the RET time constants and the
effective lifetime of OH(A), it is necessary to determine how
fast the rotational population distribution will be thermalized.

The striking resemblance of the rotational population
distribution of OH(A–X) at atmospheric pressure in figure 1,
with the OH(A–X) emission from the nascent population

distribution produced by an electron beam excitation of
water as shown in figure 8, illustrates the importance of the
knowledge of the production mechanisms, effective lifetime
and RET rates. In view of the many new application areas
for cold atmospheric pressure plasmas in complex molecular
mixtures, and even in liquid water, the above consideration
becomes of increasing importance.

Several important production reactions of OH(A)
encountered in non-equilibrium plasmas are summarized in
table 4. Electron induced excitation from the ground state
OH(X) has a significantly larger rate coefficient compared
with the dissociative excitation of water, because of the
threshold energy difference of 5.1 eV, which corresponds to
the dissociation energy of water (excitation energy of OH(A)
is about 4 eV) [153]. Comparing the rates, one can conclude
that for a water dissociation degree larger than 0.1%, the direct
excitation of OH(X) to OH(A) can be dominant. Similar rates
for OH(A) production in the dissociative attachment reaction
are expected.

When electron excitation from OH(X) is dominant, a close
to thermal distribution is expected (the rotational constant of
the X and A states are, respectively, 18.90 and 17.39 which will
cause at maximum a 10% error if the rotational constant of the
upper A state is used). Dissociative excitation of water will
lead to a significant rotational excitation, as shown in figure 8.

Electron–ion recombination reactions have a rate which
is typically 3 to 6 orders of magnitude higher than the
rate of dissociative electron excitation of H2O (with Te in
the range 1–3 eV). However, the branching ratios for OH
and the ratio of the produced OH(X) and OH(A) depend
highly on the experimental conditions. Sonnenfroh et al [75]
showed that for a Te of approximately 0.1 eV up to 15.6%
of the electron–H2O+ dissociative recombination reactions
lead to OH(A). The threshold branching ratios for OH(X
and A) in beam experiments is 0.22. However, in an
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Table 5. Quenching rates for OH(A; ν = 0) by different species and the thermalization time constants for OH(X) rotational distribution as
produced by H2O2 photolysis rescaled to units atm. ns.

Therm. time (atm ns)
Reaction k (m3 s−1) (N � 13) Ref.

OH(A) → OH(X) + hν 1.45 × 106 s−1 — [157]
N2 2.8 × 10−17 18 [158]/ [159]
O2 1.4 × 10−16 19 [160]/ [159]
H2O 7.2 × 10−16 4 [160]/ [159]
H2 1.8 × 10−16 [160]
CO2 4.0 × 10−16 [160]
CH4 2.8 × 10−16 [160]
OH 6.2 × 10−16 [160]
Ar �0.03 × 10−17 21 [161]/ [159]
He �1.5 × 10−20 [152]

afterglow, branching ratios for OH of 0.55 are found [147,
154]. Similarly, the dissociative electron–H3O+ recombination
produces predominantly OH(X and A). A branching ratio
of 0.77 was found in a storage ring [155]. Electron–cluster
ion recombination can also produce OH radicals but to our
knowledge no information on branching ratios for OH(A)
production is published [156]. It is emphasized that electron–
ion recombination reactions are important only in high
(electron) density plasmas. Similar arguments are valid for
the ion–ion recombination.

Note that in table 4, for the metastable reactions with
H2O, Hem is not included as it will normally lead to the
ionization rather than to the production of OH(A). This is due
to the large excess in energy of the most populated He(3S1)
metastable state (19.8 eV) in comparison with the ionization
energy of water (12.6 eV) (see also [106]). Metastable-induced
(dissociative) excitations are generally important when water
is present as a trace compound, especially in the afterglow of
pulsed discharges.

The dissociative charge transfer reaction with Ar+ has an
excess energy of 0.9 eV when OH(X) is produced. As the
excitation energy of OH(A) is approximately 4 eV, additional
kinetic energy of fast ions, which are only present in
low-pressure plasmas, is necessary. Specifically, Gardner et al

[88] report a threshold ion energy of 15 eV and the branching
for the OH(A) production represents only 2% of the total
cross-section. In contrast, the charge transfer to water from the
helium dimer ion has been shown to be one of the dominant
production mechanisms of OH(A) in DBD discharges in He
containing trace amounts of water [106].

The quenching rates of OH(A) for different colliders are
shown in table 5, together with the thermalization times for
the OH(X) state. The thermalization times are estimated from
LIF measurements of the rotational population distribution as
a function of time after the production of OH(X) by photolysis
of H2O2.

To illustrate the use of table 5, we provide an example.
Assume OH(A) is produced in a 300 K air plasma by a
production process which causes highly rotational excitation
of the OH(A) state. Water is only present in a small amount and
it does not influence the collisional quenching or the RET rate.
The collisional quenching rate of airRQ = kQ,N2nN2 +kQ,O2nO2

is 1.3 × 109 s−1. The effective lifetime of the OH(A) state

Figure 14. Boltzmann plots of OH(X) obtained by LIF at different
delays after its production by photolysis of H2O2. The background
gas is N2 at 6.2 Torr [159]. The distributions clearly illustrate the
thermalization of the nascent non-Boltzmann distribution and also
the difference in thermalization time between low and high
rotational levels.

τeff = (RQ + ν)−1 hence becomes 0.8 ns. In view of the
18 and 19 ns of OH(A) in N2 and O2, respectively, this will
prohibit thermalization of the entire rotational manifold, if we
assume that the thermalization time of the X and the A states
are approximately the same. Nonetheless, the RET rate for the
small rotational numbers is significantly faster. Considering
the result in figure 14, the first four rotational levels are between
7.5 and 30 times faster thermalized than the entire rotational
distribution. This leads to a thermalization time of between
0.6 and 2.4 ns which is in the range of the effective lifetime.
As most of the collisional quenching rates (except for Ar and
He) are similar or even faster than for air, thermalization of the
OH(A) rotational levels is often strongly inhibited in molecular
gases at atmospheric pressure. The reader is also referred to
figure 11 for the case of atmospheric pressure water vapor.
Note that the timescale for thermalization in water is smaller
than in other gases, which is also in correspondence with the
calculated thermalization of the OH(A) rotational distribution
shown in figure 11. RET rates have been measured for different
colliders and reported in the literature, see, e.g., [99, 162].

A collisional radiative model for OH(A–X) radiation in
air has been developed by Levin et al [163]. The model
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Figure 15. Simulation of OH(A–X) chemiluminescence spectra
assuming formation of OH(A) with nascent distribution
corresponding to a temperature parameter of 5000 K. Black: only
quenching is considered. Green: Quenching and RET is taken into
account. Red: emission spectrum at thermal equilibrium with
T = 2200 K. Bottom: same spectra, convoluted with a Gaussian slit
function to allow comparison with a recorded spectrum (dashed
line) [164].

includes collisional quenching, pre-dissociation, spontaneous
emission, RET and VET. The model assumes that neutral
collision terms dominate over electron- and ion-impact
processes and that collisional ionization and dissociation
have negligible influence on the ro-vibrational distribution.
Note that this model does not include nascent rotational
distributions of OH(A) produced, for example, by electron-
impact dissociation. The model is shown to be able to
describe the OH(A–X) emission spectrum in a high power RF
plasma torch at atmospheric pressure as well as under rarefied
conditions in the bow shock of a re-entering rocket [163].

In addition, a full model including quenching, RET and
a nascent non-thermal distribution which allows simulation of
the chemilumiscent OH(A–X) spectra in flames was recently
reported by Brockhinke et al [164]. An illustration of the
possible large effects of RET in flames from this reference
is shown in figure 15. Brockhinke et al reported that, under
the conditions studied, the synthetic spectra do not strongly

depend on the nascent rotational population distribution, which
in the model is assumed to be close to a Boltzmann distribution
at 5000 K. Note that in this case the non-thermal nascent
distribution will be due to chemical reactions because in flames,
electronic and ionic processes will not be dominant. The
model is actually an extended version of the model used to
produce the results presented in figure 11. In addition, the
actual distribution as a function of time needs to be multiplied
by the exponential decay accounting for the effective lifetime
of the OH(A) and to be integrated over time. This way, the
contribution to the emission originating from the different
levels at different times after production is accounted for.

6.3. N+
2 (B)

N+
2(B 2�+

u –X 2�+
g ) emission (first negative system of nitrogen)

is often observed in air and nitrogen-containing ionizing
plasmas, especially at low pressures. Due to Penning
ionization, it is also a dominant emission in He even when
nitrogen is only present as an impurity. The (0,0) vibrational
transition is usually the strongest band and its band head is
observed at 391 nm [117]. Both upper and lower electronic
states are 2�+ and pure case b of Hund [18]. �N = 0
transitions are forbidden and the spectrum contains only P and
R branches. In both states, due to spin-rotation interactions,
each rotational level is spin-doubled with rotational numbers
J = N + 1/2 and J = N − 1/2. Energy of rotational levels
and the Hönl–London coefficients of the lines are given in
Kovacs [16]. The spectroscopic constants of the transition can
be found in [19, 20] and data for high-resolution spectroscopy
has been published by Michaud et al [167]. An example of
high-resolution spectra of the 0–0 band obtained in absorption
spectroscopy and showing the spin-doubled components of the
rotational lines can be found in [168].

The production mechanisms for N+
2(B) are summarized in

table 6 and can differ from plasma to plasma. In low-pressure
ionizing plasmas, N+

2(B) is often populated by electron-impact
from the ground state of the neutral N2(X) molecule. However,
when the electron temperature is not large (i.e. typically in
high-density steady-state plasmas) the direct excitation from
the ground state is unlikely to be dominant. A stepwise
production of N+

2(B) will occur by first producing the ground
state ion N+

2(X) and subsequent excitation of this ion to its
excited B state. The production of the ground state ion can
also occur by stepwise ionization via intermediate metastable
states of N2, or even by associative ionization [126]. Excitation
of the ground state N+

2(X) ion to the N+
2(B) state is reported to

occur by two main channels: direct electron-impact excitation
and energy transfer in collisions with the N2(X) molecules in
high vibrational levels (ν � 12).

In nitrogen, high vibrational levels are populated by an
effective collisional pump-up mechanism between vibrational
levels. The high efficiency of this process comes from the fact
that vibrational relaxation is slow and the energy gap between
successive levels decreases with increasing vibrational number
[169]. When two vibrationally excited N2(X) molecules
collide, one of them loses a vibrational quantum which is
gained by the other. This pumping process is particularly
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Table 6. Production reactions for N+
2(B) and the corresponding rate coefficients. The electron excitation reactions are calculated from cross

sections in the mentioned references assuming a Boltzmann distribution.

Reaction k (m3 s−1) Remarks Ref.

Electron excitation

e− + N2(X) → N+
2 (B) + 2e− 4.9 × 10−24–2.9 × 10−18 Te = 1–3 eV [113]

Eex = 18.75 eV
e− + N+

2 (X) → e− + N+
2 (B) 3.4 × 10−15–1.9 × 10−14 Te = 1–3 eV [165]

Eex = 3.17 eV

Vibrational states

N+
2 (X) + N2(X; ν � 12) → N+

2 (B) + N2(X; ν − 12) 7 × 10−17 [132]

Metastable excitation

He(23S) + N2(X) → N+
2 (B) + He + e− 7 × 10−16 [166]

Dissociative recombination

N+
3 + N → N+

2 (B) + N2(X) 0.2 × 10−16 [126]

efficient in nitrogen as the vibrational transition is (optically)
forbidden for homonuclear molecules and hence the relaxation
time is large. As a result, the vibrational population distribution
is far from a Boltzmann distribution. However, the rotational
levels tend to equilibrate very quickly with the gas kinetic
temperature [170]. In a 2.3 Torr glow discharge, Macko et al

[171] have measured a rotational temperature of 500 K in the
vibrational level v = 18 of the ground state. No strong
rotational excitation is thus necessarily expected.

As the rotational constants of the N2(X), N+
2(X) and

the N+
2(B) state are very similar, (2.00 cm−1, 1.93 cm−1 and

2.08 cm−1, respectively [20, 118]) electron excitation from
either N2(X) or N+

2(X) will produce a similar thermalized
rotational population distribution, with the restriction that the
rotational distributions in these ground states are in equilibrium
with the gas temperature. Therefore, the rotational population
distribution of N+

2(B) excited by electron impact usually
reflects the gas temperature. In reduced pressure nitrogen-
containing discharges, high rotational excitation has been
observed and is ascribed to the production of N+

2(B) by heavy
particle collisions, namely vibrational pumping [172, 173].

Rotational distributions of N+
2(B) produced by penning

ionization of N2(X) by helium metastable atoms has been
reported by Richardson and Setser [58] to be very similar to
those of the neutral precursor molecule. At room temperature,
the rotational temperature of N+

2(B) was between 30 and 50 K
larger than the gas temperature.

Bibinov et al [174] found significantly larger rotational
temperatures of N+

2(B–X) compared with N2(C–B) emission
in He DBD discharges and explained the difference by
the fact that the N+

2(B–X) is produced in the plasma
filaments but N2(C–B) is produced by metastable pooling
in the bulk gas. The latter thus yields a smaller (average)
rotational (gas) temperature. Both Ionascut–Nedelcescu
et al [175] and Hofmann et al [27] found that the N+

2(B)

rotational temperature in He plasmas at atmospheric pressure
overestimates the gas temperature. An increase in apparent
rotational temperature with increasing distance (and thus also
increasing air entrainment) from the nozzle of an atmospheric
pressure plasma jet operating in helium is reported in [176].
The increasing air entrainment reduces the effective lifetime
of the N+

2(B) which prevents complete thermalization of the

Table 7. Quenching rates for N+
2(B) for different species.

Reaction k (m3 s−1) Ref.

N+
2 (B) → N+

2 (X) + hν 1.6 × 107 s−1 [132]
N2 8.8 × 10−16 [178]
O2 10.5 × 10−16 [178]
H2 6.8 × 10−16 [135]
CO 1.9 × 10−16 [135]
H2O 8.6 × 10−16 [135]

state. The high rotational excitation is attributed to the charge
exchange reaction of the helium ion with the ground state
N2(X) molecule [176]. In relatively pure He discharges,
the production mechanisms will be Penning ionization which
could also induce a moderate rotational excitation (see above).

N+
2(B–X) emission with significant ro-vibrational excita-

tion is also observed in a recombining plasma (Te = 0.2 eV)
without the presence of direct electron excitation. It is argued
in [177] that the production is due to charge transfer of N+ with
N2(A), as is clear from overpopulation of resonant ν = 6 and
7 levels of the N2(B)2�+

u state.
Collisional quenching rates for N+

2(B) are shown in
table 7. To the authors’ knowledge only RET cross-sections
of N+

2(X) in He are reported in the literature [179]. The cross-
section for the total RET from levels N = 0 to N = 15
decreases from 18.8 to 11.9 Å2. The value for N = 10 (i.e.
13.8 Å2) is about 10 times larger than the RET cross-section
for OH(A; ν = 0, N = 10) in He (see figure 9). The fact that
the rotational constant is smaller leads to a slower decrease
in RET with increasing rotational number and a significantly
faster thermalization of the rotational states. In view of similar
rotational constants for N+

2(B) and N2(C) states, a similar
thermalization time is to be expected.

6.4. Short overview of often-used ro-vibrational transitions

As shown in the case of N2(C–B), when possible, it is
advantageous to use molecules which are present in the feed
gas and to avoid molecules which are produced by dissociative
or associative processes. The latter almost always lead to non-
thermal nascent rotational distribution. A nice illustration is
the work of Andre et al [186] who compared the rotational
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Table 8. Overview of some regularly used ro-vibrational transitions for gas temperature determination. Production mechanisms and nascent
rotational distributions are mentioned when reported. See text for more details.

Transition λ (nm) Gas Production mech. Nascent rot. distr. Ref.

N2(B
3�g–A 3�+

u )δν = 3 620–690 N2 (air) [24, 180]

O2(b
1�+

g –X 3�−
g ) 758–772 [3, 181]

H2(d
3�–a 3�) 590–620 H2 e− excit. [4]

CH(A�–X 2�) 420–440 CH4 e− dissoc. excit. ≈3600–4000 K [107]

NH(A–X) NH3 e− dissoc. excit. ≈1700 K [72]

CO(B 1�+–A 1�)(0, 2) 508–520 CO2 e− dissoc. excit. — [182]

SiF(A 2�–X 2�) SiF4 e− dissoc. excit. high rot. excit. [183]

CF(B 2�–X 2�) 202–205 CF4 e− dissoc. excit. high rot. excit. [184]

NO(A 2�+–X 2�) 240–248 N2–O2 N2(A) excit. high rot. excit. [49]

CN(B 2�+–X 2�+) 386 CH4–N2 — — [185]

C2(d
3�g–a 3�u) 513–517 CnHm [7]

temperatures of N2(C), O2(B), OH(A) and NO(A) in a
glow (-like) discharge in humid air at atmospheric pressure.
The rotational temperatures are 2200, 2200, 2600 and 3800
respectively. The rotational temperatures of OH and NO,
which are formed in the discharge, are significantly larger than
the rotational temperatures of molecules present in the gas.

Apart from the N2(C–B) transition, other transitions of
nitrogen can be used just like emission bands from H2 (e.g.
Fulcher α band) and the atmospheric band of O2 whose upper
state can be produced by electron excitation. A summary of
transitions regularly used in the literature is given in the table 8
and is discussed below.

Moon and Choe [3] have compared Tr of the OH(A),
N+

2(B) and O2(b) in an ac driven atmospheric pressure plasma
in He with humid air impurities and Tr of OH(A) and O2(b)

in a MW induced plasma. The rotational temperatures of
the plasmas were 930 K and 2200 K, respectively. The
potential use of O2(b) to obtain the gas temperature is
clearly shown. The example of the spectra for the MW
torch is given in figure 16. It is interesting to note that
the fit of the OH(A–X) spectrum is not great for λ >

309 nm, which could be attributed to a non-equilibrium
behavior of the rotational distribution, while the discrepancies
in the case of the O2(b 1�–X 3�) can be ascribed to the
overlapping argon lines. Note that Andre et al [186] used the
Schumann–Runge transition O2(B 3�−

u –X 3�−
g ) with similar

result. At reduced pressure (0.5–5 Torr), Touzeau et al [181]
compared the rotational temperature of the O2(b) state to
the rotational temperature of the ground state and the first
metastable O2(a 1�)-state, measured by anti-Stokes Raman
scattering, and found excellent agreement. It is worth noting
that both O2(b 1�) and O2(a 1�) are metastable states with
very long lifetimes and consequently the rotation–translation
equilibrium is established, as in the ground-state O2(X).

Nitrogen transitions other than the N2(C–B) system can
be used. Biloiu et al [180], for example, used the first positive
system of nitrogen to obtain rotational temperatures. Earlier
work is performed by Simek et al [187, 188]. Note that the
radiative lifetime of N2(B) (a few µs) is significantly larger
than the radiative lifetime of the N2(C) state (38 ns). As a
consequence, the molecule spends more time in the B–state

Figure 16. Rotational temperature measured from the OH(A–X)
and O2(b–X) transitions in an atmospheric pressure air microwave
torch plasma [3].

and has more collisions with the bath gas. RET is thus
usually efficient in the N2(B) state to equilibrate rotation and
translation temperatures. However, a drawback is that N2(B) is
more subject to the collisional quenching and at atmospheric
pressure, the first positive system is much weaker than the
second positive system. Nonetheless the N2(B–A) emission
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was successfully used for gas temperature measurements in
microdischarges operating in argon at hundreds of Torr [24,
189], for which the use of the N2(C–B) bands is problematic.
The energy of the rotational levels of the N2(B) and N2(A)

states and the Hönl–London coefficients of the rotational lines
are given in Kovacs [16] and the most reliable high-resolution
spectroscopic constants of the transition was published by
Roux and Michaud [190]. Nonetheless, the second positive
system remains by far the most used transition for gas
temperature determination.

The upper state of the H2 Fulcher α band does not have
significant interaction with other excited states of hydrogen and
can be easily used when it is produced by electron excitation.
When the RET is fast enough, the rotational constants of the
excited state can be used in the Boltzmann plot. However,
in the low-pressure limit, the situation is more complicated as
electron excitation can induce a significant change in rotational
quantum number due to the small mass of H2. In this case, an
excitation–deactivation balance equation is necessary to obtain
the rotational temperature of the ground state from the emission
spectrum. For most cases, the correction of the obtained
rotational temperature with the ratio of the rotational constants
of the ground and excited states is given [4]. Examples are
worked out in detail for the Q-branch in the PhD Thesis of
De Graaf [191]. Additional references are, e.g., [192, 193].
While many researchers report that the Fulcher α band is
reliable, there exist plasma conditions for which the Fulcher
α band rotational temperature does not correlate to the gas
temperature [194].

Many examples of molecular excited states which are
similar to the case of OH(A) produced in dissociation processes
are reported in the literature. An illustrative example is the
comparison between different rotational temperatures found
for CF, CN, C2, CO and SiF in an inductively coupled
CF4 plasma [183]. The reported rotational temperatures are
1250 K, 1600 K, 1800 K, 1800 K and 2300 K respectively. This
is a clear example of non-equilibrium rotational distributions.
Although the different temperatures also appear to relate to
the expected spatial distributions of the molecules. The
species expected to be formed near the electrode (C2, CO,
SiF) have higher temperatures than species formed in the bulk.
Cruden et al [184] suggested that CF is created with a highly
rotationally and vibrationally excited nascent distribution,
which could explain its higher rotational temperatures in
comparison with CO. Indeed, according to Cruden et al,
for their reported plasma conditions, the lifetime of the
CF molecule is similar to the rotational relaxation time.
Nonetheless, both examples illustrate that the rotational
distribution of the excited states strongly depends on the
plasma conditions and thus on its production mechanism.

Another example of strong emission of CH, C2 and CN
is found downstream in the low Te region of an expanding
arc [195]. Under these conditions direct electron dissociative
excitation is small and the production processes need to be
recombination reactions. Similar to the above example, a
significant difference in rotational temperatures is found.

The case of CH(A) was investigated in detail in a DBD
discharge by Luque et al [107]. The conclusions are identical

to the OH(A) system: the nascent rotational distribution is
highly ro-vibrationally excited. It is suggested that dissociative
electron excitation could be responsible for it but many rates of
the production of CH(A) from, e.g., the ground state CH are not
well known. Nonetheless, at high pressures, thermalization of
the rotational states with small N is possible. This should allow
one to obtain the gas temperature from the CH(A–X) spectra.
The RET decreases significantly with increasing rotational
number [101] (just as is the case for OH(A) and N2(C))
resulting in significantly larger time for the thermalization of
the high number rotational levels. Similarly, NH(A) can be
produced by dissociative electron excitation [72]. There exist
data on quenching and RET rates for NH(A) and its rotational
level lifetime dependence [109, 110] which allow estimation
if the rotational temperature is a good indication of the gas
temperature [196].

As shown above, CO has also been used to obtain estimates
of the kinetic temperature, although it has been shown that care
needs to be taken as mixing of different electronic states, which
can be vibrational level dependent, can significantly disturb
the rotational distribution [52]. An example of the use of the
Angström system CO(B 1�+–A 1�) can be found in [182].

NO(A) is often formed by direct excitation rather than by
dissociation processes. In N2–O2 mixtures with significant
amounts of nitrogen, often energy transfer from N2(A) is
responsible for the excitation of the ground state to the A-state
[49, 121]. This process is found to produce an overpopulation
in high rotational levels [49]. An example of a larger rotational
temperature of NO(A) in comparison with N2(C), even at
atmospheric pressure can be found in [197]. In He–air MW jets
at atmospheric pressure, van Gessel and Bruggeman found that
the NO(A) rotational temperature was larger than the NO(X)
rotational temperature [104]. This was explained by the fact
that the RET rate strongly depends on the gas temperature
and that the thermalization of the rotational manifold takes
significantly more time at elevated temperatures [104]. In
both cases N2(A) excitation is most likely responsible for the
production of NO(A) from NO(X).

The CN(B–X) system has been validated by Chu et al

[185] by LIF (on the same transition) to yield a good estimate of
the gas temperature in a CH4–H2 discharge used for the growth
of diamond. The transition is included in the Lifbase database
in which the necessary data and references can be found [111].
The formation process of CN(B) in an atmospheric pressure
DBD discharge is investigated by Dilecce et al [198] who
concluded that recombination processes of C and N (assisted
by a third body) in the afterglow and the N + CH reaction were
responsible for forming the excited CN radical. The CN(B)
state is showing strong vibrational excitation. Rotational
excitation was not investigated in this case. There exist limited
amount of data on RET coefficients (at least for the ground
state) to estimate rotational thermalization times [102].

Lombardi et al [7] showed reasonable correspondence
between Tr values deduced from the Swan system (C2(d 3�g −

a 3�u)) by both emission and absorption spectroscopy.
Absorption is possible because the lower state is a metastable
state. Similar conclusions were found by Bai et al [199] when
comparing the rotational temperature of the C2(d) state with
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Figure 17. Rotational temperatures measured from N2(C–B)
emission, absorption on OH(X) and OH(A) emission for different
powers at a fixed water concentration of 1100 ppm in an He RF
atmospheric pressure glow discharge. For the emission from the
OH(A) state, the values are deduced from the R2 and Q1 branches,
and presented with and without correction for the auto-absorption in
the plasma [9].

the one from the N2(C–B) emission in the same discharge.
On the other hand, Meinel and Krauss [200] reported a non-
Boltzmann distribution for the same Swan transition (observed
in emission). In that work, it was suggested that C2(d 3�g) was
formed by dissociative electron excitation from Cx, x > 2,
similar to OH(A) production from water.

There exist many other transitions which are reported
in the literature for different plasmas used for specific
applications, for example [38, 201–207]; however, a complete
overview is outside the scope of this review.

7. Experimental artifacts

Up to now, we discussed chemical and physical processes
which can lead to non-thermal rotational population
distributions. In this section experimental artifacts, which also
have a physical cause, but which are related to the way of
recording the spectra are discussed.

7.1. Self-absorption

When the lower state of an observed rotational band is a highly
populated ground state or a metastable state, re-absorption of
the emission between the location of the emitter and the exit
window of the plasma chamber can occur. The rotational
levels of the ground state follow in most cases a Boltzmann
distribution. Since those of them which are the most populated
will reabsorb more photons from the transitions of which
they are the lower state, self-absorption is a temperature-
dependent process. The high rotational levels are suffering
less from the self-absorption than the lower ones. This can
lead, in some cases, to a significant distortion on the measured
relative intensities of rotational lines, and hence on the deduced

temperature of the excited state. An example of the rotational
temperature of OH(A) in an atmospheric pressure He–H2O
RF plasma, in which the rotational density distribution of the
ground state OH(X) was also obtained, is shown in figure 17.
The gas temperature is well represented in this case by the
rotational temperature of N2(C) and OH(X). A correction for
the absorption of emission lines inside the plasma, calculated
from the measured OH(X) densities, yields a much better
correspondence of Tr from OH(A) with the gas temperature
[9]. Note that the correction depends on the rotational levels’
densities in the ground state which is temperature dependent.
As a consequence, the correction itself is gas temperature
dependent!

This effect has been observed for many cases. Two
additional examples are the NO(A–X) transition [208] (NO(X)
is a ground state) and the C2 Swan system [209] (the C2(a) state
is a metastable state).

7.2. Inhomogeneities: spatial and temporal resolution

Optical emission spectroscopy is often a line of sight
measurement. In dc arc discharges, researchers for years
have been applying Abel inversion to obtain radially resolved
emission profiles, from which the temperature profile was
deduced [210, 211]. Abel inversion requires fitting and
accurate line of sight measurements, which is often not possible
in atmospheric pressure (filamentary) plasmas partly because
of the small size and non-stationary nature of the discharge.

An example of highly spatial resolved rotational
temperature measurements of N2(C–B) in an atmospheric
pressure micro-glow discharge is made by Staack et al

[212]. A variation between 800 and 1450 K is found with
the maximum gas temperature in the negative glow region.
Spatially averaged data are reported to correspond to this large
temperature as the strongest emission of N2(C–B) is found
to be in the negative glow. Bruggeman et al [213] have
also found that in the case of an atmospheric pressure glow
discharge with water cathode, the maximum emission intensity
of OH(A–X) is in the positive column while the N2(C–B)

emission has its maximum intensity in the anode and cathode
zones. Note that spatially averaged measurements would thus
yield bulk temperatures for OH(A–X) and anode and cathode
zone temperatures for N2(C–B). In atmospheric pressure glow
discharges, radially resolved emission intensities, which can
vary for different species, have been obtained by Arkhipenko
et al [214].

Spatially resolved gas temperatures have been measured
by Rayleigh scattering in an atmospheric pressure glow
discharge, in a plasma filament and in plasma jets
[27, 32, 33, 215–217]. Results show significant gradients
which can only be resolved by highly spatially resolved
OES measurements (see figure 18). The presence of a
strong temperature gradient can also be an issue for the
line broadening measurements by absorption techniques
and sometimes models are necessary to extract the spatial
profiles [218].

It is also very important to consider the transient nature of a
plasma. The emission intensity can change drastically between
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Figure 18. Spatially resolved gas temperature as obtained by
Rayleigh scattering in a glow discharge in air between a pin metal
anode and a water cathode in a 3 mm gap [32]. The color scale is the
gas temperature in units K.

Figure 19. Relative emission intensities and gas temperature, as
obtained from the rotational temperature of N2(C–B), as a function
of time for a 600 ns pulsed plasma in a metal pin–water electrode
geometry [219].

the ignition phase, ionizing phase and the recombination phase
as is shown for a 600 ns pulsed plasma in air generated in
a metal pin–water electrode geometry in figure 19. It is
immediately clear that the emission of N2(C–B) initially
has a maximum and decreases by an order of magnitude
during the pulse. This means that if time-averaged data were

considered, the gas temperature would be estimated to be
close to 1000 K, while the gas temperature (as obtained by
the rotational temperature of N2(C), has a maximum of about
5000 K at the end of the pulse. In addition, the NH(A–X)
emission is maximum at the end of the pulse, which means
that if NH(A) has a rotational temperature representative of
the gas temperature, the time averaged rotational spectrum of
NH(A–X) would yield a rotational temperature which could
be 2000–3000 K higher than the rotational temperature of
nitrogen. A striking example is given by van der Horst et al

[215] who found that N2(C–B) was only found in the ignition
phase of the discharge while during the spark phase only ionic
and atomic emissions were observed. In this case the rotational
temperature was close to the ambient temperature (350 K)
while even between 1 to 10 µs after the discharge, the obtained
gas temperatures by Rayleigh scattering were between 700 and
800 K.

The above examples are for discharges with temperatures
of 1000 K or more, but differences in rotational temperatures
of different excited states in close-to-room-temperature DBD
discharges have also been attributed to differences in their
excitation mechanisms. Bibinov et al [174] reported that
NO(A), OH(A) and N2(C) yield rotational temperatures of
310 K (i.e. the gas temperature) independent of the investigated
plasma conditions while the N+

2(B) increased from 380 K
up to 550 K with increasing N2 concentration. In helium-
based plasmas, the N+

2(B) emission is produced by Penning
ionization of the He metastable atoms. This process is very
fast and inhibits the diffusion of He metastable atoms outside
the filament. In addition, as shown above, the Penning
ionization process causes only small rotational excitation,
while under the present experimental conditions the effective
lifetime remains above 2 ns, which should lead to a thermalized
distribution within this state. The discrepancy in rotational
temperatures of different molecules is thus due to the spatial
inhomogeneity of their density and thus directly related to the
formation process. It is estimated that both OH(A) and NO(A)
are produced by excitation of their respective ground state
molecules by N2(A), while N2(C) can be produced by pooling
of N2(A). An analysis of the time-resolved N+

2(B) in a similar
DBD discharge has also been made by a chemical and fluid-
dynamic model to show that indeed the rotational temperature
of N+

2(B) reflects the gas temperature in the microdischarge
area [220].

In conclusion, it is thus very important to consider
spatial and temporal variations in the plasma as it can
significantly affect the emission intensity and also the
rotational temperature. As shown by the above examples,
knowledge of the formation processes of the excited states,
together with temporal and spatial resolved emission profiles
can significantly help one to explain potentially observed
discrepancies of rotational temperatures of different excited
states. Note that LIF or Rayleigh scattering are ideal
techniques to obtain the gas temperature with high spatial (size
of the laser beam) and temporal (a few ns laser pulse duration)
resolution.
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8. Spectra interpretation and analysis

In this section, the acquisition of spectra and important features
of the spectrometer which needs to be considered in the
spectrum analysis and fitting are summarized. Different
methods to determine the rotational temperature from spectra
are compared and examples of fitting routines are presented.

8.1. Detector and spectroscopic systems

Recording spectrally resolved emission spectra of the light-
emitting species in plasmas is usually performed by a grating
spectrometer. The light is collected by an optical fiber or
imaging optics and then focused on the entrance slit of a
spectrometer. In the spectrometer, the light is received by a
grating which diffracts it by splitting the emitted light with
different wavelengths in different spatial angles. Collected by
a collimating mirror, the light is focused, forming images (at
different positions for different wavelengths) on the exit plane
of the spectrometer. When a charge coupled device (CCD
camera) or a diode array is used for the light detection, it is
located precisely at the exit plane to capture the whole image,
which corresponds to the intensity distribution at different
wavelengths. When a photo-multiplier tube (PMT) is used
as a detector, it is placed behind a narrow slit located precisely
at the exit plane. In this later case, the spectra are obtained
by the rotation of the grating. An illustration of the images
formed on a CCD camera of an argon micro-hollow-cathode
discharge at 427.217 nm (argon line) and 427.752 nm (argon
ion line) is shown in [189]. More details can be found in [221]
and standard textbooks referenced therein.

8.1.1. Wavelength-dependent sensitivity of the detector. The
result of the light detection is a spectrogram with intensity
(or number of photons) over wavelength. However, the
light distribution of the source may differ from the detected
spectrogram for several reasons:

• photons get absorbed on their way from the source to the
detection device (especially for (V)UV));

• the wavelength-dependent detection efficiency of the PMT
or CCD;

• the wavelength-dependent spectrometer efficiency;
• the spectral sensitivity of the mirrors, collection optics,

windows and fibers used.

The measured spectrogram needs to be corrected by the
spectral sensitivity of the complete measurement setup in order
to get the correct intensity distribution of the light source.
The sensitivity calibration is performed using a light source
whose wavelength distribution is known. The quotient of
detected and known intensity is the spectral sensitivity. Typical
sources used are, e.g., the tungsten halogen lamp (visible) and
deuterium lamp (for the UV). In many cases, when the domain
of interest is limited to a few nm, e.g., as a single vibrational
band is recorded, the wavelength-dependent sensitivity can
be neglected. This is the case provided that the measured
wavelength is not on the edge of the nominal working range of
all elements of the light detection system and the spectrometer.

8.1.2. Wavelength calibration and background subtraction.

The wavelength calibration is performed by recording spectra
of a source with known wavelengths (for instance discharge
lamps containing atomic gases which have well-defined atomic
emission lines). Since the dispersion/diffraction of light is
non-linear, the wavelength assignment to pixel positions (for
a CCD) or grating motor position (for the PMT) is non-linear.
When a CCD is used, the manufacturer of the spectrometer
usually provides a fit of the fourth order, but often a fit of
the third order is adequate. This fit gives the wavelength
assignment of all pixels of the CCD (often 1024) which means
that for each pixel there is a slight deviation in the assignment
between the actual and the recorded wavelength (deviation
from the fit function). Thus, a new wavelength assignment
may be necessary when the correct wavelength of the recorded
signal is essential. This is especially the case when a high-
resolution spectrum in a large wavelength range is fitted (see
below).

Wavelength-dependent background subtraction is in many
cases straightforward but, e.g., for high-density discharges a
strong background can be present due to, e.g., Bremsstrahlung
or black-body radiation. In this case, it is important to measure
a broad spectrum so the background can be subtracted easily
(see, for example, figure 5 in [222] for an OH spectrum with
large background).

8.1.3. Apparatus and instrumental function. The spectral
shape of the emission from a single atom at rest is a Lorenz
profile, with the so-called natural line width. In addition,
as already introduced above, Doppler, collisional and Stark
broadening of lines are often significant in a plasma. However,
usually the experimental setup has a significant impact on the
observed line shape. Indeed, the resolution of the system
(including spectrometer and detector) induces a broadening
of the measured emission line which is called instrumental or
apparatus function.

In the case of the PMT, the resolution is determined by
the width of the entrance and exit slits, the focal length of the
spectrometer and the number of grooves of the grating. In the
case of the CCD, the exit slit is wide open (or not present)
and the resolution is determined by the pixel size on the CCD
sensor and not the exit slit.

The Voigt shape of the actual line profile must be
convoluted with the apparatus function and often the resulting
recorded line is much broader than its original Voigt
shape, which cannot be resolved any further. For typical
spectrometers with a resolution of >15 pm, FWHM, the
recorded line profile of the emission from a low-pressure gas
discharge lamp, for which the line width is known to be small
(≈1 pm FWHM), can be used to obtain in good approximation
the apparatus function. For a better determination of the
apparatus function, it is often possible to fit the line profile
to the rotational spectrum which often contains several fully
resolved rotational lines.

In the case of a small entrance slit, the recorded line
shape can be approximated by a Gauss function. But for a
broader slit opening, the shape is more trapezoidal. Due to
an imperfect light path, the line shape can get asymmetric. In
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the case of an iCCD, additional broadening can occur due to
the intensifier because some neighboring pixels of the CCD
are connected. The exact knowledge of the shape of a single
atomic transition is essential when a multi-line spectrum needs
to be simulated (as for instance a partially or non-resolved
rotational spectrum). When a grating is used for diffraction of
the light, the full-width at half-maximum (FWHM) of a single
atomic line depends on the wavelength, (gets smaller with
increasing wavelength) whereas the general shape remains
largely the same. Thus, the line shape of a single atomic
transition can be used to make a model of the line shape used in
the spectrum of superimposed lines like a rotational spectrum.
However, the ‘model line’ should be in the same wavelength
range as the spectrum to be fitted.

8.2. Representing and fitting rotational spectra

8.2.1. Boltzmann plot. As already shown in many examples
above, rotational spectra can be represented in a Boltzmann
plot if fully resolved rotational lines are recorded. A
logarithmic plot of the intensity reduced by the A coefficient
and the degeneracy of the level against the rotational energy of
the level yields a straight line when the rotational population
is in equilibrium (obeying a Boltzmann distribution). The
rotational temperature can be directly obtained from the slope.
This approach has a major advantage when compared with
fitting of partially resolved rotational spectra as deviations from
a Boltzmann distribution can be easily observed. In addition,
without having to make assumptions one can see the shape of
the rotational population distribution (a superposition of two
Boltzmann distributions or even three as in figure 1).

8.2.2. Band head ratios and widths. An often-used technique
is to use band head ratios for which tables have been published
to estimate the gas temperature from specific rotational bands.
This technique is very easy and fast if it is applied with the
proper spectral resolution (as the ratios depend on spectral
resolution). Tables or figures have been published for, e.g.,
OH(A–X) [1, 222].

Widths of bands have also been used to estimate the
rotational temperature from the N2(C–B) [1] and N2(B–A)

[188] transitions. Inherently, this technique can be prone to
error as it assumes a Boltzmann distribution and the validity
of this assumption cannot be checked with this method. It is
thus always good practice to check if a thermal distribution is
present, especially in the case of OH.

8.2.3. Synthetic spectra calculation and fitting algorithms.

When a spectrum needs to be fitted, a synthetic spectrum
needs to be constructed and convoluted with the instrumental
function of the spectra recording device. While the line
shape due to the instrumental function is considered in the
fitting, the correction of the spectral sensitivity, and wavelength
calibration is normally performed before setting up the fitting
routine.

Several approaches include a manual fitting of the spectra.
The most straightforward approach is to create a synthetic
spectrum considering the known parameters of the line

positions, Hönl–London coefficients and rotational energies
of all the lines. This spectrum can be convoluted with the
instrumental function and only one fitting parameter, i.e. the
rotational temperature is used (when a Boltzmann distribution
of the rotational levels is assumed) to obtain correspondence
with the experimental spectrum.

The determination of the rotational temperature by fitting
is an iterative process. It can be performed by a least-
squares fitting using a simplex downhill algorithm. Van
Gessel et al [124] used standard fitting routines in Matlab.
A theoretical spectrum is computed and compared with
the measured and corrected spectrum. Next, the fitting
parameters are varied until a best accordance is reached.
In order to use automatic fitting programs for the shape
of rotational spectra, the measured data must have been
corrected for the spectral sensitivity. In addition, a very
good accordance (small fitting error) between measured and
theoretical spectra can only be reached by a correct wavelength
assignment of the intensities. As stated above, the wavelength
calibration by the spectrometer manufacturer may not be
sufficient and a small mismatch of the line positions can
lead to a large error of the fitted spectrum shape. If the
spectrum is spread over a larger range than a few nm, then
even the small decrease in the line width with increasing
wavelength needs to be considered (sometimes) in order to
obtain an excellent correspondence between the experimental
and synthetic spectrum. In summary, a full fledge fitting
software does not only provide the variation of Tr but also
the dependence of the line width on the wavelength and the
wavelength assignment of the pixel positions of the CCD.
Collisional quenching and pre-dissociation of rotational levels
can of course also be included in the software as fitting
parameters.

Even under consideration of the above-mentioned
corrections to the experimental spectrum, there are many
cases that the rotational spectrum cannot be fitted very well
(sometimes not at all) with a Boltzmann distribution of the
rotational populations as seen in many examples above. Often,
this can be solved by a fitting with contributions of two groups
of molecules to the spectra with two different Boltzmann
temperatures. In this case, three fitting parameters have to
be determined: the ratio of the amount of molecules in each
group and two rotational temperatures.

An example of fitting a non-thermal ro-vibrational
spectrum of OH(A–X) (0,0) and (1,1) is shown in figure 20.
Note that the single temperature fit does not yield a good fit
at all. The assumption of two different Boltzmann rotational
distributions in vibrational levels 0 and 1 yields a much better
fit. Despite the initial wavelength calibration of the spectra, a fit
including wavelength alignment of features in the experimental
and simulated spectra leads to a significant improvement. This
is clearly illustrated by the fact that T

(1,1)
2 is a much more

realistic value when the wavelength alignment is made. Note
that the neglecting of the wavelength alignment causes an error
of at least 10 K in the fit, without even considering other sources
of errors. To illustrate the quality of the fit, the experienced
reader will even notice that the vibrational bands (1–0) and
(2–1) of the N2(C–B) at 315.9 and 313.6 nm are visible in
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Figure 20. Fitting of an OH(A–X) emission spectrum obtained by
time-resolved emission (at 590 ns) during a nanosecond pulsed
discharge in a helium bubble. Details of the plasma can be found
in [223]. The figures show fitting results assuming a Boltzmann
rotational distribution for vibrational level 0 and 1 (upper figure)
assuming a superposition of two Boltzmann rotational distributions
for vibrational level 0 and 1 (middle figure) and additionally
including a fit of the wavelength alignment (lower figure),
respectively. The spectrum is recorded with a resolution of 0.076 nm
FWHM and the measured line profile of a low-pressure Hg lamp is
used as apparatus function.

the residue of the fit. Note that the band head ratio method
(which is not applicable for non-Boltzmann distributions) from
the tables published in [222] yields rotational temperatures

of 1000–1200 K which are exceeding the gas temperature by
almost a factor of 3.

There exist(ed) open source programs such as Lifbase
[111] and Specair [224] to manually fit spectra. Specair
only considers thermal rotational distributions in air plasmas
and Lifbase allows one to include non-thermal distributions
by user-defined rotational population distributions. Many
research groups have their own code for spectral fitting.

8.2.4. Collisional radiative model. All of the above
approaches assume that the nascent rotational population
distribution is not determining the observed rotational spectra,
or can at least be captured using a superposition of 2 or more
Boltzmann distributions.

When the nascent rotational population distribution
strongly determines the rotational spectrum, the best approach
is of course to make a full collisional radiative model of the
production of the excited state, the collisional processes and the
fluorescence involved, for every rotational level. Although this
approach has been made for LIF (e.g. the Laskin software [225]
developed at the university of Bielefeld), this is rather rare
for plasma processes (see the two examples described in the
OH(A) section). This approach requires detailed knowledge
of the production processes and also the nascent rotational
distribution, which is often not known on a rotational level
scale in non-equilibrium plasmas.

8.3. Influence of spectral resolution

Rotational temperatures can be obtained from moderately
resolved spectra of, e.g., OH(A–X) and N2(C–B). See, e.g.,
Yu et al [226], Bruggeman et al [130] and Machala et al [227],
which used resolutions between 0.2 and 0.6 nm FWHM. Note
that these spectral resolutions can be obtained with on the
shelf pre-configured fiber optic spectrometers which make
the technique available and easy to use for non-spectroscopy
experts. However, since in this particular case individual
rotational structures are not resolved, detailed knowledge is
necessary concerning the following points:

• self-absorption;
• production mechanisms of excited states and nascent

rotational distribution;
• overlapping rotational bands;
• apparatus function.

It needs to be stressed that many non-thermal distributions
can be approximated by a Boltzmann distribution, especially
for low-resolution spectra. It is thus very important to know
if non-thermal behavior is to be expected when only low-
resolution spectra are acquired. Similarly, while overlapping
bands are easily detected at high resolution, more care needs
to be taken for low-resolution spectra. An example of a N+

2(B)

spectrum with a moderate resolution of 0.05 nm is shown in
figure 21. It clearly illustrates the necessity of accurate fits for
partially resolved rotational spectra. Note the small deviation
for the single temperature fit, while a two-temperature fit yields
a rotational temperature of 200 K lower [59].

A variation of 10% in the slit function for N2(C–B)

at 0.45 nm FWHM leads to a change in the rotational

27



Plasma Sources Sci. Technol. 23 (2014) 023001 Invited Review

Figure 21. Fitting of the N+
2(B–X) (0–0) band obtained with a

spectral resolution of 0.05 nm with a conventional Boltzmann
distribution and a superposition of two temperatures [59].

temperature of 50 K for a Boltzmann temperature of 350 K
spectrum. For moderately resolved spectra, the accuracy on
the rotational temperature is thus strongly determined by the
apparatus function. When using high-resolution spectra, (a
few pm FWHM) accuracies in the rotational temperature of
about 10 K are possible (see, e.g., [9].) In the latter case,
the line profile can be fitted to the spectrum, as resolved
rotational lines (at least for higher rotational numbers) can
be observed in many cases. This significantly enhances the
accuracy.

8.4. Absolute emission and absorption

In order to be able to estimate production mechanisms of the
excited states (which determine the nascent distribution) it is
beneficial to obtain time-resolved emission (in time modulated
plasmas) and to have data on absolute emission intensities
and absorption. From the absolute emission intensity one
can determine the amount of excited species produced to
which possible production mechanisms can be attributed, at
least if the rate coefficients (and plasma parameters on which
it depends) are known. Absorption data yield rotational
distributions of the ground state molecule which are in most
cases in thermal equilibrium. Their rotational temperature is
representative of the gas temperature. In addition, it allows one

to estimate ground state density or radicals such as OH, which
enable estimation of the effect of direct electron excitation to
the upper states, if the cross-sections of the reaction are known.

9. Conclusions

This review paper provides the necessary background to
answer one question: for which conditions are the rotational
levels of an excited state, from which the emission is observed,
in translational–rotational equilibrium? The different
processes which can influence the rotational population
distribution have been summarized and several examples have
been given. Some technical details on recording spectra
and determining rotational temperatures from spectra are also
given.

Before using rotational spectra to estimate the gas
temperature, it is always good practice to try to estimate the
effective lifetime of the excited state and compare it with
the rotational thermalization time. Three cases, based on the
ratio between the effective lifetime τeff and the time necessary
for thermalization of the rotational manifold τthermal, can be
discerned,

• τeff ≫ τthermal: the rotational distribution is a Boltzmann
distribution with the rotational temperature equal to the
gas temperature,

• τeff ≪ τthermal: the rotational distribution is an image of
the formation process and not directly related to the gas
temperature. Only in the case when electron excitation
from the ground state is dominant, a mapping of the ground
state rotational distribution into the rotational levels of the
excited state occurs and the gas temperature can be directly
determined,

• τeff ≈ τthermal: the rotational distribution is determined
by thermalizing collisions and the formation process.
In many cases a superposition of two Boltzmann
distributions can be used to fit the rotational spectrum. The
lower rotational states are sometimes partly thermalized
and a temperature can be obtained from their density
distribution.

Note that in several cases, rotational thermalization times
are not very accurately known and it is advantageous if the
production mechanism of the excited state is known in order
to assess if the nascent rotational distribution favors the high
rotational levels. If no data exist, a good estimate is to calculate
the elastic collision frequency of the molecule with the bath
gas and consider that about ten collisions are necessary for the
thermalization.

As is often stated incorrectly, the high collisionality in
atmospheric pressure plasmas is not a priori a guarantee
for the thermalized rotational distributions, as the collisional
quenching of the excited state can significantly reduce the
effective lifetime. We would like to stress that no general
recommendations on gas temperature determination can be
given and thus case by case needs to be investigated. It is
good practice to always use two different excited states (when
available) to check if the rotational temperatures are equal,
or one can use two independent methods to measure the gas
temperature.
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To fully grasp molecular spectra, collisional radiative
models need to be constructed. This is a way which is
almost unexplored in complex molecular plasmas. These
models would not only allow one to get information on the
excited state densities, the production processes and the gas
temperature but potentially may yield information about other
plasma parameters including, e.g., electron temperatures and
ground state radical densities. Nonetheless, in many cases
such models only exist for specific molecules such as N2

up to very high vibrational levels, but without modeling the
rotational distributions. In many cases, reaction cross-sections
are missing or are not known accurately enough to predict
rotational distributions. This lack illustrates the usefulness of
representing rotational distributions with (a superposition of)
Boltzmann distributions which allows one to obtain qualitative
and often even quantitative data on the gas temperature.
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