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Abstract. Emission spectra of the 516.611 nm Swan band of the C2 molecule
were employed for evaluation of the rotational temperature in different plasma
sources. This diagnostic method may be applied in the temperature range from
300–6000 K and is especially useful for noisy and spectrally not well-resolved
spectra when the apparatus function of a recording system is unknown. The
described method is based on a comparison of experimental data with the
theoretically calculated spectrum. The numerical minimization procedure is started
with the temperature value obtained from the Boltzmann plot or the intensity ratio of
two selected spectrum components. An analysis of a theoretically calculated
spectrum is presented. Two plasma sources were examined, a plasma torch
recombining jet and high-voltage-triggered dielectric barrier discharge (DBD).

1. Introduction

The aim of this work is especially devoted to developing
diagnostics of plasmas applied in anti-pollution and gas
treatment apparatus. Different plasma generators are
useful for this purpose. For instance, well-known high-
pressure plasma sources like corona and silent discharges
are used for ozone production and gas cleaning. The high-
voltage dielectric barrier discharge (DBD) plasma is now
recognized as a new promising approach to this kind of
plasma application.

In an active region of such plasmas, the free-electron
density and temperature are small and it is difficult (or
even impossible) to apply atomic emission spectroscopy
for diagnostics. For this reason, we propose a diagnostic
method based on the Swan band C2 molecular spectra.
These spectra have already been used for determination of
the rotational plasma temperature (for example of air heated
in a carbon tube [1], discharges in noble gases [2] and the
hydrocarbon arc [3]).

In our experiments, the(0, 0) Swan band spectrum
was recorded with an adjustable apparatus function and
compared with the theoretically calculated one. The
numerical superposition procedure can be started with a
temperature value obtained from the Boltzmann plot or
the intensity ratio of two selected spectrum components.
Particular attention was paid to this point because it seems
that the departure from the local thermal equilibrium state

observed by several authors for rotational states can be due
to an error in the data evaluation procedure. Two plasma
sources were examined, a plasma torch recombining jet
and a DBD plasma. The comparison of recorded spectra
with theoretically calculated ones shows good agreement
of these spectra and allows one to measure the rotational
temperature in the studied plasmas.

2. Spectra of diatomic molecules

A description of diatomic molecules’ spectral terms may be
found in [4, 5].

2.1. The intensity distribution in rotational bands

The emission coefficientεul of a transition from the upper
stateu ≡ |n′v′J ′i ′p′〉 to a lower statel ≡ |n′′v′′J ′′i ′′p′′〉
(denoted in shortu → l) is given by the expression

εul = NuhcσulAul = 64π4c

3 × 4πε0
σ 4

ul

Nu

gu

S
|n′v′J ′i ′p′〉
|n′′v′′J ′′i ′′p′′〉 (1)

where h, c, ε0 and kB are the conventional physical
constants, v and J are the vibrational and rotational
quantum numbers respectively, the subscripti denotes one
component of the multiplet,p is the parity,Nu is the density
of molecules in the upper state,gu is the statistical weight
of the upper electronic level,σul is the wavenumber of the
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emitted spectral line,Aul is the transition probability and
S

|n′v′J ′i ′p′〉
|n′′v′′J ′′i ′′p′′〉 is the total line strength. This last quantity can

be split into two factors: the rotational intensity factor (also
called the Ḧoln–London factor if two states are in Hund’s
limiting case [4]) and the second which depends only on
the particular electronic transition:

S
|n′v′J ′i ′p′〉
|n′′v′′J ′′i ′′p′′〉 = S

|J ′i ′p′〉
|J ′′i ′′p′′〉pv′v′′ . (2)

Taking into account the considerations above, the
intensity of an individual spectral line of a rotational band
structure depends on the rotational line strengthS

|J ′i ′p′〉
|J ′′i ′′p′′〉

for that particular line, the population of molecules in the
initial state, the wavenumber of the rotational transition
and a factorCul that is the same for all lines of the same
band. We may write the emission coefficientεJ ′i ′p′,J ′′i ′′p′′

of a particular line of rotational fine structure of the band
(v′, v′′) as

εJ ′i ′p′,J ′′i ′′p′′ = CulS
|J ′i ′p′〉
|J ′′i ′′p′′〉σ

4
ul exp

(−Fv′i ′(J
′, p′)

kBT r

)
(3)

whereFv′i ′(J
′, p′) is the rotational energy of the initial level

andT r is the rotational temperature. This expression may
be used if a thermal equilibrium exists among rotational
states. (If not otherwise stated, the following formulae refer
to the case of Boltzmann equilibrium between the rotational
levels of the upper state.) Kovacs [6, 7] has given the values
of rotational line strength for all type of transitions and
couplings.

2.2. The Swan band (d3ΠG, v′ = 0) →
(a 3ΠU, v′′ = 0) of the C2 molecule

The C2 Swan bands, which were discovered in 1856 in a
study of flames with carbon components, naturally appear
in various types of discharges. Therefore, even though
the chemical processes in the plasma are unknown, they
are often used as a ‘thermometer’ to estimate the gas
temperature in the corresponding emission region.

The Swan bands correspond to transitions between
d 35g and a 35u electronic states at 2.48 and 0.09 eV
respectively. These are triplet states, thus for eachJ there
are three rotational levelsJ − 1, J and J + 1 (denoted
by i = 1, 2 and 3 respectively), which are3-doubled
(3 = 1 in both cases). According to Phillips [8], this
3-doubling may be taken into account by introducing two
sets of molecular constants, one for levels of even quantum
number J and one for odd J-values (see tables 1 and 2).
For this reason, we will omit the termp in the expressions
for different quantum states. The coupling constantY [1]
is negative and the electronic state is inverted. Kovacs
[6, 7] gave formulae for triplet rotational energy levels
corresponding to three rotational quantum numbersJ −1, J

andJ + 1:

Tv1(J ) ≡ TvJ−1(J )

= Bv

(
J (J + 1) − [Y1 + 4J (J + 1)]1/2

−2

3

Y2 − 2J (J + 1)

Y1 + 4J (J + 1)
− · · ·

)
(J ≥ 2)

Tv2(J ) ≡ TvJ (J ) = Bv

(
J (J + 1)

+4

3

Y2 − 2J (J + 1)

Y1 + 4J (J + 1)
− · · ·

)
(J ≥ 1) (4a)

Tv3(J ) ≡ TvJ+1(J )

= Bv

(
J (J + 1) + [Y1 + 4J (J + 1)]1/2

−2

3

Y2 − 2J (J + 1)

Y1 + 4J (J + 1)
− · · ·

)
(J ≥ 0)

where
Y = A/Bv 3 = 1

Y1 = 32Y (Y − 4) + 4
3 (4b)

Y2 = 32Y (Y − 1) + 4
9.

The most important correction is the centrifugal effect:

Hc
v1(J ) = −Dv(J − 1

2)4

Hc
v2(J ) = −Dv(J + 1

2)4 (4c)

Hc
v3(J ) = −Dv(J − 3

2)4.

Finally, taking into account this effect, we obtain the
relations used by Phillips [8, 9]:

Fv1(J ) ≈ Bv

(
J (J + 1) + [Y1 + 4J (J + 1)]1/2

−2

3

Y2 − 2J (J + 1)

Y1 + 4J (J + 1)

)
− Dv(J − 1

2)4 (J ≥ 0)

Fv2(J ) ≈ Bv

(
J (J + 1) + 4

3

Y2 − 2J (J + 1)

Y1 + 4J (J + 1)

)
−Dv(J − 1

2)4 (J ≥ 1) (5)

Fv3(J ) ≈ Bv

(
J (J + 1) + [Y1 + 4J (J + 1)]1/2

−2

3

Y2 − 2J (J + 1)

Y1 + 4J (J + 1)

)
− Dv(J − 3

4)4 (J ≥ 2).

For the band(0, 0), simplifying the notations, the
discrete line components are given by

Pi(J
′′) = σ0 + F ′

i (J
′′ − 1) − F ′′

i (J ′′)

Qi(J
′′) = σ0 + F ′

i (J
′′) − F ′′

i (J ′′) (i = 1, 2, 3)

(6a)

Ri(J
′′) = σ0 + F ′

i (J
′′ + 1) − F ′′

i (J ′′)

for the principal branch and

Pij (J
′′) = σ0 + F ′

i (J
′′ − 1) − F ′′

i (J ′′)

Qij (J
′′) = σ0 + F ′

i (J
′′) − F ′′

i (J ′′)
(i, j = 1, 2, 3; i 6= j)

Rij (J
′′) = σ0 + F ′

i (J
′′ + 1) − F ′′

i (J ′′) (6b)

for secondary branches. In these expressionsJ ′′ is the
rotational quantum number of the lower level and the
wavenumberσ is replaced by the branch name (P, Q or
R). σ0 is the initial position of the(0, 0) band of the Swan
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Table 1. Molecular constants according to Ballick [14, 15].
Gaps correspond to date not available in the literature.

Constants d3πg a3πu

Te (cm−1) 20 022.50 714.24
ωe (cm−1) 1788.22 1641.35
χeωe (cm−1) 16.440 11.67
γeωe (cm−1) −0.5067
Be (cm−1) 1.7527 1.6324
De (cm−1) 6.44 × 10−6

αe (cm−1) 0.016 08 0.016 61
γe (cm−1) −0.001 274
re (Å) 1.2660 1.3119

Table 2. Further molecular constants according to Ballick
[14, 15].

Constants Even J value Odd J value

d3πg Jmax 100 100
Bv (cm−1) 1.745 57 1.745 44
Dv (cm−1) 6.85 × 10−6 6.856 × 10−6

Y1 127.29 127.29
Y2 97.32 97.32
Y −9.399 854 −9.399 854

a3πu Jmax 100 100
Bv (cm−1) 1.6237 1.623 70
Dv (cm−1) 6.40 × 10−6 6.40 × 10−6

Y1 158.6981 156.8223
Y2 124.7987 123.1407
Y −10.702 94 −10.628 89

system. Using tables 1 and 2 and expressions forσe and
σ00 from [4], we may find

σe = T ′
e − T ′′

e ≈ 19 308.26 cm−1 ⇒ λe ≈ 517.913 nm

σ0 = σ00 ≈ 19 308.5025 cm−1 ⇒ λ0 ≈ 515.982 nm (7)

with

σ00 ≈ σe+ 1
2(ω′

e−ω′′
e )− 1

4(χ ′
eω

′
e−χ ′′

e ω′′
e )+ 1

8(γ ′
eω

′
e−γ ′′

e ω′′
e ).

Calculated line positions of the principal branches, with
wavelengths of their point of turning back, are shown
schematically in figure 1(a), in which 6 corresponds to
the total rotational band spectrum. Using these results
and the rotational line strength expressed by Kovacs in
the intermediate coupling regime [6, 7], we can numerically
calculate the(0, 0) Swan band spectrum emitted by a C2

molecule at a given temperatureT r . Our calculations
show that branches with significant (relative) intensity are
essentially thePi and Ri principal branches, whereas the
intensities of thePij , Qij , Rij and Qi branches are weak
(figure 1(b)).

The main branch profile can be compared with the
help of the Fortrat graph plot for the(0, 0) Swan spectrum
(figure 1(a)).

(i) The Pi(J ) lines, with J ≤ 27, are responsible for
the formation of the band shape betweenλ ≈ 516.1 nm
and the head band atλP3(13) = 516.61 nm. Generally,

the P1(J ), P2(J − 1) and P3(J − 2) lines are very close
in wavelength, so it is impossible to resolve these triplets
experimentally.

(ii) The first components (J = 2–4) of Q branches
(from λ = 516.004 nm to λ = 515.915 nm) overlap
with the P1(29), P2(28) andP3(27) lines. Their rotational
line strengths are similar to those of neighbouringPi and
Ri lines. They do appear in the spectrum, particularly at
low temperature. For higherJ values, theQi(J ) lines’
contribution is very weak in comparison with those of the
two other branches.

(iii) The R branches start atλR3(0) = 515.892 nm (with
λR1(2) = 515.710 nm andλR2(1) = 515.797 nm) and show
blue degradation. AboveJ = 7 (and λ ≤ 515.0 nm),
R1(J +2), R2(J +1) andR3(J ) lines are relatively close in
wavelength, but can be separated with a sufficiently narrow
apparatus function. TheRi lines (with aJ value) overlap
with the Pi lines (with J + 30 approximately) for which
the rotational strength is stronger for smallJ . For higher
J values, the rotational strengths of neighbouringRi and
Pi lines become similar.

3. The diagnostic method using the (0, 0) Swan
band of C 2

In a non-equilibrium plasma, the rotationalT r , vibrational
T v, excitationT exc and electronT e temperatures may differ
from the kinetic temperatureT g of heavy species. Taking
into account the strong coupling between translational and
rotational energy states, the rotational temperature derived
from experiments is in the general case close to the
gas kinetic temperature [10]. ThusT g can be deduced
from T r , measured by using the C2(d 35g, ν

′ = 0) →
C2(a 35u, ν

′′ = 0) band at 516.611 nm.

3.1. Simulation of the(0, 0) Swan band of C2

The spectral line profile obtained with a spectral apparatus
is not the true line profile. Even a spectral line of
infinitesimal width is broadened by diffraction at the
monochromator slit and apertures. The line profile
obtained for monochromatic light, called the apparatus
profile, is generally well approximated be a Gaussian
function with a full width at half maximum1λapp. It
may be experimentally determined via measurement of
the very narrow spectral line profiles emitted by low-
pressure discharge lamps. In the temperature range 300–
6000 K, broadening of spectral lines results mainly from
the convolution of the emission profile with this apparatus
function, both contributions being of the same order.

Using the physical parameters of the(0, 0) Swan
band spectrum, we calculated theoretical spectra in the
wavelength range from 512.8 nm (limited by the head of
the (1,1) Swan band, aroundλ = 512.936 nm) to 516.8 nm
(the (0, 0) head band is atλ = 516.664 nm), for various
temperatures and apparatus functions. Results, for1λapp =
0.025, 0.050, 0.075 and 0.100 nm, withT = 300, 3000 and
6000 K, are shown in figure 2. The upper limit of1λapp

depends on the temperature range. For lower temperatures
(a few hundreds of kelvins) even1λapp = 0.2 nm may
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(a)

Figure 1. (a) The (0, 0) Swan band spectrum. (b) The rotational line strength for the main branches of the (0, 0) Swan band
spectrum.
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(b)

Figure 1. (Continued)
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(a) (b)

(c) (d)

Figure 2. The C2 Swan band spectra between 512.8 and 516.8 nm. (a) 1λapp = 0.025 nm; (b) 1λapp = 0.050 nm;
(c) 1λapp = 0.075 nm; and (d ) 1λapp = 0.100 nm).

be applied. However, for the same apparatus function and
temperatures higher than 3000 K, the shape of the spectrum
depends very little on the temperature.

We must note that only the shape of different spectra,
as a function of1λapp andT r , is interesting for us. For this
reason, the results in figure 2 were arbitrarily normalized
with respect to the head band maximum (which was set
to 1000) and no direct comparison of values can be made
between different graphs.

An analysis of the simulated spectra indicates that
the relative amplitudes of local maxima depend on the
temperature and apparatus profile width. We can make the
following remarks.

(i) Because of superposition of its differentPi(J )

components, the head band shape depends significantly on
the apparatus function.

(ii) The Ri peaks, with intensityIRi(J ), are visible
in the whole temperature range [300 K, 10 000 K]. With
increasing T r , these peaks become more intense with
respect toIHB (the head band intensity). This trend is
less sensitive to the change ofT r at higher temperature,
for which the ratioIRi(J )/IHB becomes rather constant.

(iii) An inverse behaviour is observed for thePi peaks
with intensity IPi(J ). These peaks are almost invisible for
low temperatures, but vary significantly with increasingT r

(specially above 1500 K).
(iv) The peakIQ, due to the influence of first terms

of Q branches betweenλ = 515.9 and 516.0 nm, is well
visible at low temperature, but at higher temperatures the
neighbouringPi line provide the dominant contributions.

3.2. Determination of temperature

In the (0, 0) Swan band spectrum, we observe a
superposition of small-J R lines and high-J P lines. Due
to this particularity, the C2 spectrum is very sensitive to the
rotational temperatureT r , and application of a numerical
technique for superposition of the measured and calculated
spectra, withT ′ as a parameter, is a very useful and
efficient tool in rotational temperature determination. In
our experiments the following procedure was applied.

(i) The measured spectrum was corrected for the
continuous background, which was assumed to be linear
in the studied spectral range.

(ii) The experimental spectrum intensity was normal-
ized with respect to the head band peak value, which was
set to 1000.

(iii) The apparatus function1λapp was estimated from
the profile of a well-isolated line in the spectrum, or from
the shape of the band head (see section 3.3.4). A first
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(a)

(b)

Figure 3. (a) Igm as a function of temperature and apparatus function. (b) I515.95 as a function of temperature and apparatus
function. (c) R513.5 as a function of temperature and apparatus function. (d ) I513.5 as a function of temperature and apparatus
function (�, 1λapp = 0.010 nm; ♦, 1λapp = 0.025 nm; *, 1λapp = 0.050 nm; M, 1λapp = 0.075 nm; ◦, 1λapp = 0.100 nm).
(Head band peak normalized to 1000.)

estimation of temperatureT r was made from the Boltzmann
plot (see section 3.3.1) or from a simple comparison of
theoretical and experimental intensity ratios of the selected
spectral line (or lines) and band head peakIHB (see
section 3.3.3).

(iv) The experimental data were compared with the
simulated spectrum. The minimization procedure was used
to minimizeχ2 as a functionT r and1λapp:

χ2(T r , 1λapp) =
∑N

i=1[I r
i − I c

i (T r , 1λapp)]2

N(N − 1)
(8)

whereI r
i andI c

i are the measured and calculated intensities

of the ith pixel of anN -point spectrum, respectively.
A wrong choice of the continuum background level can

perturb the results of this minimization. To avoid possible
errors, the minimization was repeated for some other
background level selections. TheT r value corresponding
to the smallestχ2 was taken as the best one.

3.3. Initialization of the superposition procedure

For bright and stable plasma sources a well-resolved
molecular spectrum may be obtained and a numerical
superposition procedure can be initialized using theT r
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(c)

Figure 3. (Continued)

value obtained from the Boltzmann plot. However, in
many experimental situations, it is difficult to obtain well-
resolved spectra. For instance, in the case of plasmas with
very weak light emission or plasma jets with turbulent
flow, the large entrance slit must be used and/or time-
resolved intensity measurements are necessary in order to
have a strong enough photodetector signal. In this case, the
initial value of T r for the minimization, may be obtained
from measurement of a temperature-sensitive ratio of two
selected peaks of the experimental spectrum.

3.3.1. The Boltzmann plot method. The following
statements refer to the case of the Boltzmann equilibrium
between rotational energy levels of the upper electronic
state, that is only if the frequency of heavy-particle
collisions with an excited molecule is at least by a factor
of five greater than the optical transition probability, in
optical thin plasmas. From equation (3), using simplified
notation, it follows that the relative emission coefficient of
two rotational lines within a band is given by

εJ ′i ′,J ′′i ′′ = CulS
|J ′i ′〉
|J ′′i ′′〉σ

4
ul exp

(−Fi ′(J
′)

kB.T r

)
. (9)

After taking logarithms, we have

ln

(
εJ ′i ′,J ′′i ′′

σ 4
ulS

|J ′i ′〉
|J ′′i ′′〉

)
= constant− Fi ′(J

′)
kBT r

. (10)

If we plot the left-hand side term of this expression as
a function of F ′

i (J
′), we can determine the rotational

temperature from the slope of the straight line obtained
from the linear regression.

Usually, the wavenumber is disregarded and the
− ln(σ 4

ul) term is taken into account in the constant. Fur-
thermore, many authors use the rigid rotator approximation
and approximate the rotational energy by the first term of
expression (5):

Fi ′(J
′) ≈ BvJ

′(J ′ + 1). (11)

This approximation is not valid for description of the C2

rotational levels [11] and the complete expression (3) of
Fi ′(J

′) must be used.
The Boltzmann plot method is the well-known

procedure by which to obtain the rotational temperature.
It allows one also to verify whether the concept of the
temperature itself is valid. Furthermore, this method
is of great interest because the uncertainty due to the
measured continuous background is small and no spectral
sensitivity calibration of the optical system is needed
if lines are similar in wavelength. However, it is
necessary to identify, and to be able to resolve, a sufficient
number of well isolated rotational lines, which should
not overlap one another. Another source of errors,
like self-absorption or temperature inhomogeneity, can
cause deviations from the straight line. Re-absorption
changes amplitude or line-intensity ratios with respect to
the situation without absorption and introduces a systematic
error into all diagnostic methods based on spectral line
intensity measurements. Re-absorption is difficult to
detect without special experimental or calculation (iterative)
procedures. In the spectrum-fitting method, however, the
re-absorption (and other sources of systematic errors) may
be detected because, in its presence, a good fit of all
spectrum line amplitudes will no longer be possible.

Particular attention must be paid to determining
correctly the relative emission coefficientεJ ′i ′,J ′′i ′′ of
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(d)

Figure 3. (Continued)

rotational lines within the band. The usual substitution of
the integral line profile by the peak intensity is not always
allowed.

3.3.2. Problems connected with overlapping of spectral
branches. In order to measure a spectral line profile, the
width of the output slit should be much smaller than the
spectral line width. The entrance slit width should be set
as narrow as possible, with the cold ‘normal width’ as the
lower limit for both slits [10]. In order to obtain the total
line intensity from the measured line profile, a well-known
numerical procedure may be applied, whereby a Gaussian

(in our case) or Lorentzian curve is fitted to experimental
points. In the case of partially overlapping lines, we must
find numerically all components of the measured profile.

If a group of spectral lines have the same line
profiles and only relative intensities are measured (as in
our case), the total intensity of an isolated spectral line
can be estimated from measurement of the line intensity
maximum Iλm. (From the measured peak intensity, the
continuous background intensity should be subtracted.)
This method cannot be used if two (or more) spectral lines
overlap and contribute to the same intensity peak of the
spectrum.
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Figure 4. The head shape δλi as a function of 1λapp (�, δλ5; ♦, δλ6; ∗, δλ7; M, δλ8; and ◦, δλ9).

(a)

Figure 5. Synthetic spectra (a) the Boltzmann plot for well-isolated lines (◦, BPm method and �, BPI method), (b) the
Boltzmann plot for overlapped lines (◦, BPm method and �, BPI method) and (c) the effect of the rotational energy
expression (�, the exact expression and �, approximation).

If many lines εi(i = 1 . . . n), with wavelengthsλi ,
upper level energiesFi(Ji) and statistical weightsgi =
2Ji + 1, are (almost) totally overlapped, we define an
effective transition from an effective upper level, with the
following characteristics:

ε̄ =
∑

i

εi λ̄ =
( ∑

i

λi

)/
n

S̄ =
∑

i

si Ā =
∑

i

Ai (12)

ḡ =
∑

i

gi F̄ =
( ∑

i

gifi

)/ ∑
i

gi

where Si and Ai are the line strength and the transition
probability of theith line respectively.

3.3.3. Selection of lines for quick temperature
evaluation. The rotational temperature can be quickly
determined by a simple comparison of theoretical and
experimental intensity ratio of the selected spectral line (or
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(b)

Figure 5. (Continued)

lines) and the band head peakIHB . Uncertainty in the
determined temperature is related to precise identification
of these components and to the ‘sensitivity’ of the
corresponding intensity ratio to the temperature. For a
typical C2 spectrum, one may make the following remarks.

(i) We may decompose the C2 spectrum into two zones:
one including the head band and a group ofPi lines for
λ ≥ 516.0 nm, the second forλ ∈ [513.5 nm, 516.0 nm].
For the temperature measurement we can use the ratio of
the global maximumIgm of the second group lines to the
head band peakIHB (see section figure 3(a)). This method
is particularly useful for the large apparatus function, when
individual spectral lines may not be distinguished, but at
high temperature its accuracy is quite sensitive toIgm

fluctuations.
(ii) There is a well-isolated maximumI515.95 for λ =

515.95 nm, that can be used for every temperature, although
it is difficult to see it for a large apparatus function.
The variation of this maximum is not monotonic (see

figure 3(b)). At low temperature,I515.95 corresponds
essentially to theIQ maximum but when the temperature
increases, the influence of thePi lines becomes more
important.

(iii) Comparison of two adjacent groups of lines is also
possible. In the wavelength range [513.4 nm, 513.6 nm],
we can see the mixedP1(46), P2(45) and P3(44) lines
(λ = 513.451, 513.448 and 513.460 nm respectively),
and the R1(17), R2(16) and R3(15) neighbouring lines
(λ = 513.522, 513.541 and 513.555 nm respectively). If
the apparatus function is sufficiently narrow, these two
triplets are well separated and the relative variation of
their maximumR513.5 = Imax(P )/Imax(R) is quite sensitive
to the temperature (see figure 3(c)). Unfortunately, for
larger apparatus functions these triplets overlap and the
method becomes unusable. However, then we may use
the most intense maximumI513.5 betweenλ = 513.4 and
513.6 nm (see figure 3(d)), that is the intensity of two
mixed triplets without an attempt to separate them. In this
case, the curve shows a flat plateau. This method allows
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(c)

Figure 5. (Continued)

(a)

Figure 6. The transferred arc: (a) a schematic view (C, cathode; A, anode; T, transfer anode; P, plasma column; W, water;
G, gas; Q, quartz window; and o, optical axis), (b) a typical spectrum and (c) the Boltzmann plot.

good temperature estimation except forT r ∈ [1000 K,
3000 K].

In conclusion we may state that there is no universal
method by which to measure the temperature. The choice
of the method should be made after an analysis of all
possible systematic errors. In particular, the use of the
Igm or IQ ratio is possible for temperatures below 3500–

4000 K. Above this limit, theI513.5 peak is certainly more
sensitive.

3.3.4. Estimation of the apparatus function. Estimation
of the apparatus function can be performed by using a
relatively well-isolated line of the spectrum. However, for
large 1λapp, values this choice is more difficult or even
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(b)

(c)

Figure 6. (Continued)

impossible. Nevertheless, we can use a method analogous
to the one proposed by Czernichowski [12].

Analysis of simulated spectra indicates that the head
band shape is little influenced by temperature (see figure 2).
For example, the total head width at half maximumδλ5

varies only by 3.0% when the temperature increases from
300 to 10 000 K for the band observed with1λapp =
0.025 nm and by 6.0% for1λapp = 0.075 nm. The
total head widthδλ7 at 7/10 of the maximum is almost
independent of the temperature and it varies only by 1.7
and 2.6% respectively.

Then, information about the apparatus width can be
obtained easily when one determines the full head band
width δλi at i/10 of the peak. By fittingδλi(i = 5 . . . 9)

over the apparatus width range [0.010 nm, 0.100 nm] and
for temperatures from 300 to 10 000 K, we find a very weak

temperature-dependence and the quadratic functions:

i ≡ 5 ⇒ 1λapp ≈ 0.013 11δλ2
5 + 0.601 26δλ5 − 0.009 58

i ≡ 6 ⇒ 1λapp ≈ 0.035 66δλ2
6 + 0.750 13δλ6 − 0.006 25

i ≡ 7 ⇒ 1λapp ≈ 0.190 70δλ2
7 + 0.930 04δλ7 − 0.004 58

(13)

i ≡ 8 ⇒ 1λapp ≈ 0.897 68δλ2
8 + 1.169 62δλ8 − 0.003 41

i ≡ 9 ⇒ 1λapp ≈ 8.290 67δλ2
9 + 1.464 80δλ9 − 0.002 22

where δλi (the full head band width ati/10 of the
maximum) and1λapp are expressed in nanometres (see
figure 4, in which error bars give the percentage temperature
variation).
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(a)

Figure 7. The DBD reactor: (a), a schematic view, (b) a typical spectrum and (c), the Boltzmann plot.

3.4. Application to synthetic spectra

In order to test the superposition method, we applied
this method using a synthetic spectrum instead of the
experimental one. The synthetic spectra were calculated
for known apparatus functions and temperatures. A first
estimation of temperature was obtained from the test
functions and the Boltzmann plot. In this last case,
we considered peaks corresponding to effective transitions
defined in section 3.3.2. For the majority of lines we
measured the amplitudesAi of N maxima (this method
is denoted BPm) and estimated the total line intensitiesIi

from measuredAi and the full width at half maximum1λi

(this method is denoted BPI ). Thus

Ii = (25)1/2Aiσi σi = 1λi/(8 ln 2)1/2. (14)

Results are shown in figures 5. One can make the following
remarks.

(i) For the well-resolved spectrum (figure 5(a)), points
obtained from both methods are rather well aligned in
the Boltzmann plot for rotational levels. However, points
corresponding to lowerJ values are relatively scattered due
to their weak signal-to-noise ratio.

(ii) For a larger apparatus function, points deduced
from the BPm method are not well aligned (figure 5(b))
and the Boltzmann plot method may not be applied.
Nevertheless, taking formally all BPm and BPI points into
a linear regression calculation, we obtain two rotational
temperatures, corresponding to two Boltzmann plots, quite
different from the assumed local thermal equilibrium
(LTE) value. One must be very careful with conclusions
concerning the existence (or not) of the LTE state for
rotational levels in the plasma, if the temperature is
determined as described above. This approach was used
in some works (see [11] for example). In our case,
calculations were made assuming the LTE state, thus points
should be well aligned. In other words, the observed
effect is caused by overlapping of the neighbouring spectral
lines.

We verified also that we cannot use the approxima-
tion (11) to describe the C2 rotational levels. In fact, the
Boltzmann plot constructed with this approximation gives
a much smaller temperature value (see figure 5(c)).

In order to test the sensitivity of the method to
noise, we simulated noisy data using a random-number
generator. We define the noise-to-signal ratioRN/S as the
maximum percentage amplitude of noise in the head band
intensityIHB . Calculations were performed forRN/S equal
to 1, 5 and 10%, with 0% corresponding to the rough data.
We may notice that the rotational spectra are very deformed
for the highRN/S values (in particular at low temperature)
and the precision of the superposition method decreases
with increasingRN/S (see table 3).

4. Experimental results

4.1. The recombining jet of a plasma torch

The plasma was generated in the transferred arc, shown
in figure 6(a) and described in [13]. A mixture of argon
(50%) and CF4 (50%) at atmospheric pressure was used
as the working gas. The whole plasma was contained
in a water-cooled metallic chamber equipped with four
windows. The plasma column was observed side-on
through one pair of quartz windows. An upper pair of
windows allowed side-on observations of the recombining
plasma jet, along the plasma diameter, at a distanced ≈
60 mm from the anode. The arc current was set to
Iarc ≈ 110 A.

Recordings of the C2 bands were performed with
the Ebert–Fastie spectrometer with a spectral resolution
of 150 000. The apparatus function, well approximated
by a Gaussian (FWHM about1λapp ≈ 0.021 nm), was
obtained by measurement of several spectral line profiles
emitted by the low-pressure Hg discharge lamp. An
optical multichannel analyser (OMA III) was used as the
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(b)

(c)

Figure 7. (Continued)

light detector. The measured side-on radiation was not
inverted to the emission coefficient radial distribution. A
typical experimental and calculated spectrum are shown
in figure 6(b). Two types of Boltzmann diagram, with
the line maximum and total line intensities, are plotted in
figure 6(c). In the second case, points are well aligned
and the obtained gas temperature is 2729 K. From theχ2

minimization procedure, we obtained the temperatureT r ≈
3620 K.

We must note that the molecular band intensity
reaches a maximum for the norm temperature [7]. Thus,
the rotational temperature derived from side-on intensity
measurements is a measure for the temperature in the
plasma centre only if its value does not exceed the
norm temperature.

4.2. The dielectric barrier discharge plasma (DBD)

The plasma was generated in the high-voltage-triggered
dielectric barrier discharge, shown in figure 7(a) and
described in [14]. High-voltage (180 kV) short (20 ns)
pulses were applied with adjustable frequency (1–60 kHz).
The profile of these pulses has a very fast rising voltage,
which can reach 5× 1012 V s−1. Two co-axial electrodes,
separated by a quartz tube, define the physical dimensions
of the plug flow reactor and enforce the breakdown voltage
at about 40 kV. The mean energy used in the plasma was
about 1 J per pulse and the instantaneous power can reach
a few megawatts. This system generates non-LTE plasma
streamers: during the discharge hot electrons are created
whereas the neutral species temperature stays close to room
temperature.
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Table 3. The sensitivity of the superposition method to the noise-to-signal ratio RN /S .

1T/T = |T real − T |/T real (% )

1λreal
app , from the BPI method 1λreal

app , after minimization

0.008 nm 0.042 nm 0.008 nm 0. 042 nm

T real (K) 1500 4250 1500 4250 1500 4250 1500 4250
RN /S = 0% 4.8 4.7 4.1 6.2 3.6 3.2 0.0 6.2
RN /S = 1% 14.6 15.2 18.4 5.5 3.6 2.4 7.1 1.2
RN /S = 5% 51.4 8.5 32.1 17.8 17.9 3.5 20.6 5.9
RN /S = 10% 35.8 26.9 67.9 18.6 35.7 3.5 56.4 5.9

We used a 50% CH4 plus 50% CO2 gas mixture under
atmospheric pressure. C2 bands were recorded with a
spectrometer equipped with a photomultiplier. The applied
spectrometer was of the Ebert–Fastie type with a resolution
of 50 000. From the head band shape, the apparatus
function was estimated to be1λapp ≈ 0.0179 nm. A
typical experimental and calculated spectrum are shown
in figure 7(b). Two types of Boltzmann diagram, with
the line maximum and total line intensities, are plotted
in figure 7(c). In figure 7(c), in which the points
are well aligned, the obtained rotational temperature is
around 32 812 K. From theχ2 minimization procedure, we
obtained the temperatureT r

(C2)
≈ 2970 K, which is much

higher than theT r
(OH) ≈ 400 K [14, 15] obtained using the

OH(A 26+, ν = 0) → OH(X 25, ν ′ = 0) transition [16].
According to Neuman [10], considerable deviations

between the rotational and kinetic temperature (T r <

T g) can be found in the reaction zone of hydrocarbon
flames, when the OH radical is used as indicator of the
rotational temperature. This deviation can be attributed to
overexcitation of rotational levels by chemical processes.
In our case, the observed discrepancy can be explained in
terms of an ‘exictation’ effect. The C2 and OH bands are
not emitted by the same spatial zone of the plasma. The OH
molecule may be excited in a much lower temperature than
the C2 spectrum. The lower temperature plasma volume,
which emits OH lines, is much larger than the higher
temperature zone which emits the C2 spectrum. Thus,
the rotational temperature measured from the OH spectrum
may differ considerably from the one measured via the
C2 band. The temperatureT r

(OH) may be used as a good
estimation for the cell wall temperature, whereasT r

(C2)
gives

the temperature of the plasma streamers.

5. Conclusion

The C2 molecule may be used as a thermometer which
easily appears in various regions of discharges. Even
if the chemical processes occurring in the plasma are
unknown, this ‘thermometer’ gives the gas temperature in
the corresponding emission region.

The C2 Swan band diagnostic may be used for a large
temperature range. The appearance of calculated C2 spectra
depends on the plasma temperature. Estimation of the
plasma temperature can be roughly evaluated from a glance
at the experimental spectrum. More accurate determination

of the rotational temperature can be performed via a
numerical superposition method, initialized with the first
guess temperature value derived from the intensity ratio
of selected lines or from the Boltzmann plot. The choice
of method should be made with respect to the analysis of
possible systematic errors, which depend after all on the
quality of recorded spectra. The dependence of the error
on the slit width or temperature is rather weak. For a high-
quality spectrum the uncertainty may be close to 5%. For a
noisy spectrum the uncertainty may reach 20%. The results
obtained in various situations show the relevance of the
spectra superposition methods for plasma diagnostics.
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