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Abstract. Noisy and spectrally poorly resolved molecular emission spectra of the
306.357 nm OH band were employed for evaluation of the rotational temperature in
different plasma sources, in the temperature range 300–6000 K, when an
apparatus function of a recording system is unknown. The described method is
based on a comparison of experimental data with a theoretical spectrum. The
following plasma sources are examined: a recombining jet of plasma torch, an
atmospheric pressure glow discharge, a surface ionized wave device and a gliding
arc. The temperatures of these weakly ionized plasmas, measured from the OH
spectra, are in good agreement with temperatures obtained by using other
techniques: thermocouples, tungsten wire resistance measurements and other
spectroscopic methods. The results show that the OH spectra are very useful for
temperature measurements of non-equilibrium plasmas.

1. Low-temperature plasmas

The aim of this work is specially devoted to a diagnostic
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 coronas and silent discharges are used
for ozone production and gas cleaning. For industrial
applications, however, an atmospheric plasma discharge
seems to be more suitable and efficient. The gliding arc
is an example of plasma sources of this new category. In
these devices the plasma is a ‘tail end of thermal plasma’
because of the low average kinetic temperature of the gas
in the reactor.

In the general case, free electron density and
temperature in an active region of plasmas of this kind
are small and it is difficult to apply atomic emission
spectroscopy as a diagnostic. For this reason we present a
diagnostic technique based on the OH molecular emission
spectra. The UV spectrum of OH was recorded, with
an adjustable apparatus function, and compared with the
theoretical one. The computed spectra were calculated
for several temperature values corresponding to various
experimental conditions for which the temperature was also
determined by various methods.

2. The UV spectrum of the OH band

2.1. Introduction

The intensity of a spectral line, due to a transition(n → m),
is given by

Inm = NnAnmhνnm (1)

where Anm is the transition probability for the transition
(n → m) andNn is the number of molecules in the initial
state. If excited levels are populated according to the
Boltzmann law, one may write

Nn = N0gn

Q(T )
exp

(−En

kBT

)
(2)

where N0 is the particle density,Q(T ) is the partition
function, gn and En are the statistical weight and energy
of the state|n〉 respectively;kB is the Boltzmann constant
andT is the temperature. Then we can write

Inm = Knm

Q(T )
exp

(−En

kBT

)
(3)

where Knm = N0Anmgnhνnm is a constant for the given
transition(n → m).

Measurements of intensityI ∗
nm of the OH bands for the

temperatureT ∗ = 3000 K were reported by Lyman [1]
and by Dieke and Crosswite [2]. Using those results and
equation (3), we have

Inm = I ∗
nm exp

(−En(T
∗ − T )

T T ∗

)
Q(T ∗)
Q(T )

. (4)

For plasmas which are not in a thermal equilibrium
state, like combustion regions or low-pressure plasmas, we
have to describe separately the translational temperature
Tt , the vibrational temperatureTv and the rotational
temperatureTr . The relation (2) is well satisfied usually
as a function of rotational energies, but only sometimes
for vibrational energies and electronic energies. In general,
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there is no simple spectroscopic means to check the relation
(2) for dependence on translational energies. Thus, we have
to be careful and not confuseTv and Tr determined from
(2) with the kinetic gas temperature.

2.2. The OH(A2Σ+, ν = 0) → OH(X 2Π, ν′ = 0) band

The rotational temperature of the OH radical has a value
which in the general case is close to the gas temperature
[2]. This temperature can be measured by using the
OH(A 26+, ν = 0) → OH(X 25, ν ′ = 0) band at
306.357 nm. This band, which is observed under various
experimental conditions, can be easily isolated in order
to give useful information. The spectrum shows a red
degradation with four main band heads, R1, R2, Q1 and Q2

(306.357, 306.766, 307.844 and 308.986 nm respectively).
In the temperature range 300–6000 K, broadening of

spectral lines results mainly from the convolution of the
emission spectrum with an apparatus function, which is
supposed to be Gaussian with a full width at half maximum
1λapp. Using physical parameters of the rotational OH
spectrum, given by Dieke and Crosswite [2], a theoretical
spectrum was computed forλ = 306–310 nm, for various
temperatures and apparatus functions. Results for1λapp =
25× 10−3, 50× 10−3, 75× 10−3 and 100× 10−3 nm, with
T = 300, 3000 and 6000 K, are shown in figure 1.

We must note that only the shape of different spectra,
as a function of1λapp andT , is interesting for us. For this
reason, the results in figure 1 were arbitrarily normalized,
and no direct comparison of values can be made between
different graphs. The termQ(T ∗)/Q(T ) was assumed to
be equal to unity, in evaluation of the expression (4).

2.3. The plasma diagnostic

For bright and stable plasma sources a well-resolved
molecular spectrum may be obtained by using a
photomultiplier or CCD detector. In many experimental
situations, however, 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, a
large entrance slit must be applied and/or time-resolved
intensity measurements are necessary in order to have a
strong enough signal from the photodetector.

2.3.1. Highly resolved spectra. The intensity of an
individual spectral line of a rotational structure of a band
depends on the line strengthSJJ ′ for that particular line, the
population of molecules in the initial state and a factorC

which is the same for all lines of the same band. We may
write the intensityIJJ ′ of a particular line of rotational fine
structure of the band as

IJJ ′ = CSJJ ′σ 4
JJ ′ exp

(−EJ

kBT

)
(5)

whereσJJ ′ is the wavenumber of the transition,EJ is the
rotational energy of the initial level of the line andT is
the absolute rotational temperature [3]. One may assume
that, in rotational relaxation, collisions with molecules
are dominant. If no self-absorption or superposition of

line occurs, the temperature can be determined from line
intensities using the Boltzmann plot, or the intensity ratio
R of two lines (TLBP):

T = (EJb − EJa)/kB

ln
(

IJaJa′
IJbJb′

σ 4
JaJa′

σ 4
JbJb′

SJbJb′
SJaJ ′a

) Ja 6= Jb

1T

T
≈

(
1R

R
+ 1(SJbJb′/SJaJa′)

(SJbJb′/SJaJa′)

)
kBT

EJb − EJa

R = IJaJa′

IJbJb′
. (6)

In order to decrease the uncertainty in the calculated
temperature, transitions with a large differenceEJ − EJ

should be used. This method is of great interest because
the uncertainty in the measured continuous background is
small and no spectral sensitivity calibration of the optical
system is needed if lines are similar in wavelength.

Lines of the R2 branch (k = 1–20) with no satellite
around then can be used for this purpose. The following
couple of lines were selected

(i) [R2(4), R2(14)] at 307.437 and 307.114 nm
respectively; and

(ii) [R 2(3), R2(15)] at 307.703 and 307.303 nm
respectively.

Lines for k = 2, 5, 6, 9, 10, 11, 13 and 16 are omitted
because of poor spectral resolution. The characteristics of
this group, denoted G1, are presented in table 1. For low
temperatures (T ≤ 300 K), this method could not to be
applied, because the R2(4) and R2(3) lines were too weak
for our detection system. For selected lines, a Gaussian
profile on a linear continuous background was fitted to the
experimental line profile. Then, knowing the amplitudeA

and the full width at half maximum1λ, we have

I = (25)1/2Aσ σ = 1λ/(8 ln 2)1/2. (7)

In this way the total intensity is automatically corrected for
the line wings.

2.3.2. Partially resolved spectra. In industrial devices,
running with turbulent flows, measured spectra are often
not well resolved. In this case we can measure only the
intensity of a group of overlapped and broadened lines in
which components are not well isolated. To simulate this
situation, theoretical spectra were convoluted with different
apparatus functions before comparison with experimental
data. Two groups of lines were used (see table 1).

(i) The first one, denotedG0, is the head band
at 306.357 nm with the corresponding spectral range
[306.357 nm, 306.661 nm]. Three maxima (I01, I02 and
I03) for intensities were observed after the convolution.

(ii) The second, denoted G2, corresponds to the spectral
range [307.844 nm, 308.532 nm]. The central line is Q1(3)
(308.154 nm) and seven maxima (I21, I22, I23, I24, I25, I26

and I27) of intensity were obtained by convolution taking
into account all superposed lines.
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Figure 1. OH band spectra between 306 and 310 nm: (a) 1λapp = 0.025 nm, (b) 1λapp = 0.050 nm, (c) 1λapp = 0.075 nm
and (d ) 1λapp = 0.100 nm.
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Table 1. Characteristics of OH lines (according to [2]).

I (au) SJJ ′ (au)
λ (nm) (T = 3000 K) Desig. (a = −7.547) 〈EJ 〉 (cm−1)

Group G0 I01 306.3565 402 R1(9) 33 950.74
306.3725 415 + 378 + 44 R1(8), R1(10), R1(9′) 33 651.34 + 34 281.82 + 33 950.74

I02 306.4950 397 R1(6) 33 149.44
306.5095 310 + 83 R1(12), R1(6′) 35 037.24 + 33 149.44

I03 306.5976 363 R1(5) 32 947.68
306.6114 100 R1(5′) 32 947.68

Group G1 I11 307.1145 218 R2(14) 53.2 35 913.21
I12 307.3028 183 R2(15) 57.2 36 394.95
I13 307.4369 273 R2(4) 12.8 32 778.99
I14 307.7028 204 R2(3) 9.1 32 643.83

Group G2 I21 307.8071 125 R2(17) 37 442.03
307.8373 102 R1(18) 38 005.92
307.8440 239 Q1(1) 32 474.46
307.8468 166 Q1(1′) 32 474.46

I22 307.9951 437 Q1(2) 32 542.27
308.0006 152 Q1(2′) 32 542.27
308.0231 138 R2(2) 32 542.27

I23 308.1255 98 R2(18) 38 005.92
308.1541 616 Q1(3) 32 643.83
308.1620 130 Q1(3′) 32 643.83
308.1665 252 P1(1) 32 474.46

I24 308.3278 766 Q1(4) 32 778.99
308.3374 111 Q1(4′) 32 778.99

I25 308.4894 77 R2(19) 38 575.71
308.5196 884 Q1(5) 32 947.68
308.5317 93 Q1(5′) 32 947.68

I26 308.6226 66 R1(20) 39 210.84
308.6390 335 P1(2) 32 542.27

I27 308.7338 974 Q1(6) 33 149.44
308.7481 77 Q1(6′) 33 149.44

The rotational temperature can be quickly determined
by a simple comparison of the theoretical (figure 1) and
experimental spectra. The uncertainty in the determined
temperature is related to the wavelength identification of
lines and to the ‘sensitivity’ of the corresponding intensity
ratio expressed as a function of the temperature. The
problem is to select two good reference lines in each group,
G0 and G2. For a typical spectrum of the OH band one may
make the following remarks.

(i) For a rotational temperature greater than 500 K the
head band at 306.357 nm may be used for analysis. The
next line at 306.373 nm, which has similar properties, can
also be used. These lines, however, should be applied with
some precautions because of a possible overlap with the
Cu 306.341 nm line. There are some other intense Cu lines
at 307.380, 309.399 and 309.993 nm and a weaker one at
308.813 nm.

(ii) The maximum I02, around 306.5 nm, is well
isolated and can be used for every temperature, although
it is difficult to see it for a large apparatus function.

(iii) For a large scale of temperature, the choice of I21 is
not very interesting because of its minimum around 2000 K.

(iv) The maximum I22, in spite of having weaker
intensity than that of I23, is well isolated, and continues
to be visible at high apparatus function.

(v) I23 is the most intense maximum of the G2 group.
However, it can be disturbed by neighbouring lines. In
particular, for the large apparatus function (1λapp ≥ 50×
10−3 nm), the influence of these lines increases the value
of the I23 maximum. Thus, the group I23 cannot be used,
because of the non-monotonic variation in its maximum
value.

(vi) The maximum I24, around 308.328 nm, is well
isolated and not disturbed by the 308.337 nm line.
However, it may be difficult to see it for a very large
apparatus function.

(vii) The next line at 308.520 nm has similar properties.
Moreover, its variation as a function of temperature is
weak and has a maximum aroundT ≈ 2000 K. At high
temperature, it may be disturbed by the 308.489 nm line.

(viii) The maximum I26 should not be used because it
is formed of two lines which have opposite dependences
on the temperature.

(ix) The maximum I27, which varies like group’s G0
lines, is not interesting and for a large apparatus function
is mixed with the lines of I26.

In conclusion one may say that the best choices are the
maxima I01 and I02 of the G0 group and I22 and I24 for the
G2 group. In fact, we have verified that a more significant
variation in the ratio of maxima was obtained by use of
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the I22 maximum. The calculated ratiosRij = I0i/I2j

(i = 1, 2; j = 2, 4) for different apparatus functions for
1λapp = (25–100) × 10−3 nm, are shown in figure 2.

For temperatures above 500 K and the apparatus
function under 50× 10−3 nm, the same method can be
applied for two G1 lines. The obtained ratio is practically
independent of1λapp (see figure 3). In the same way, we
can use the I23 maximum, which is shown in figure 4. This
last method is applicable toT ≈ 3000 K.

When the apparatus function is too large and spectral
lines cannot be distinguished, it is always possible to
decompose the OH spectrum into three distinct zones: one
including the head band and the group of following lines
(λ ∈ [306.3 nm, 307.3 nm]), a second corresponding to the
central zone of the spectrum (λ ∈ [307.6 nm, 308.8 nm]),
and the third ahead ofλ = 308.9 nm. Then, we can use the
ratio Rgm for the global maximum of the second group to
that of the first one, which is independent of the apparatus
function for 1λapp ≈ 100× 10−3 nm (see figure 5). In
fact, this method is valid if the measured ratio stays above
0.60, namely for the temperatures under 3000 K.

3. Other methods for temperature determination

3.1. Thermocouple and tungsten wire resistance
measurements

The temperature of a cold plasma can be determined by
means of a thermocouple which has to be used carefully
because it introduces disturbances of the plasma flow. The
temperature of the plasma can also be measured by using
pyrometric measurements on a tungsten wire successively
set in vacuum and in the plasma [4]. A disadvantage of
this method is the strong dependence of the monochromatic
radiation emissivity of the emitting surface on observation
geometry. For the low-temperature range (T < 1500 K),
a comparison of thermocouple results with resistance wire
measurements is possible.

A simple way, which can be useful in order to
determine the temperature in a laminar plasma jet, is to
use a thin tungsten wire (d = 2 × 10−5 m) for which
the electrical resistance value can be determined from
the current and voltage measurements. The resistance of
the wire is a well-known function of temperature, thus,
using an energy balance equation for the wire in thermal
equilibrium with the plasma jet, the temperature of the gas
can be determined. For the equilibrium state the radiated
power emitted from the wire(Pr) corresponds to the power
exchanged with the plasma(Pe) and the power input in
terms of the Joule effect(PJ ). The power exchanged along
the wire by thermal conduction(Pc) on the axis may be
neglected

Pr = Pj + Pe + Pc = Sf aσT 4

Pc ≈ 0 Pj = Rf I 2 Pe = βSf (Tp − Tf ) (8)

Sf is the lateral surface of the cylindrical filament,σ ≈
5.67×10−8 W m−2 K−4 is the Stefan–Boltzmann constant,
a is the emissivity of the tungsten,Tp and Tf are the
plasma and wire temperatures respectively. The coefficient

β which is used to describe the energy exchange between
plasma and filament was determined by Ransonet al [4] for
various experimental conditions. From this work the value
of β, under our experimental conditions, can be taken as
β ≈ 2 × 103 W m−2 K−1. The temperatureTf of the wire
is known as a function of its resistanceRf [5] for a given
current intensity. The temperature difference(Tp −Tf ) can
be deduced fromPr = Pj + Pe + Pc and henceTp can
be determined. In order to use this technique, we have to
suppose a uniform plasma along the length of the wire, and
no temporal variation.

3.2. The first negative system of N+2

Molecular bands of N2 and N+
2 are very useful for weakly

ionized plasma diagnostics. In the case of the first negative
system, light emission is produced by N+

2 molecules in
the state B26+

u with radiative de-excitation to the X26+
g

state. The emission wavelength range is 300–590 nm. The
spectrum is degraded to the violet with a typical head band
at 391.4 nm [N+2 (B 26+

u , ν = 0) → N+
2 (X 26+

g , ν = 0)].
The intensities of the two branches P and R are a function
of rotational temperature:

Ip = CsteK ′′ exp[−B ′K ′′(K ′′ − 1)hC/(kBT0)]

IR = Cste(K ′′ + 1) exp[−B ′(K ′′ + 1)(K ′′ + 2)hC/(kBT0)]
(9)

K ′′ and K ′ are the quantum numbers for the states
N+

2 (X 26+
g , ν = 0) and N+

2 (B 26+
u , ν = 0), respectively;

h, C and kB are conventional physical constants and
B ′hC/kB ≈ 2.983. In order to take into account the
nuclear spin effect, the even values of the constant have
to be multiplied by two.

Following lines were selected for the P branch:KP =
24, 25, 26, 28, 30, 32 and 34; and for the R Branch:
KR = 8, 9, 10, 13, 16, 26, 28 and 30. The region
corresponding toKP = 39 and 40 must be avoided because
of perturbations introduced by A25u on B26u spectra.
The slope of the curve ln(I/K ′ + K ′′ + 1) as a function
of K ′(K ′ + 1), with 1K ≡ K ′ − K ′′ = −1 for the P
branch and1K = +1 for the R branch, gives the rotational
temperature. In this method it is assumed that the rotational
relaxation due to collisions between atoms is the dominant
effect.

3.3. Atomic spectroscopy

The intensity of a spectral lineλhb can be expressed (under
local thermodynamic equilibrium conditions) as a function
of the temperature at pressureP , by the following relation:

εhb(T ) = Khb

N0(T )

Q(T )
exp

(
− Eh

kBT

)
= KhbJ (T )

Khb = hC

4π

ghAhb

λhb

(10)

N0(T ) is the particle density,Q(T ) is the partition function
and gh and Eh are the statistical weight and energy of
the upper level|h〉 respectively;Ahb denotes the transition
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Figure 2. Rij = I0i /I2j (i = 1, 2; j = 2, 4) as a function of T and 1λapp . 1λapp is (�), 0.020 nm; (♦), 0.040 nm; (•), 0.060 nm;
(M), 0.080 nm; and (�) 0.100 nm.

probability; λhb is the wavelength;h, C and kB are
conventional physical constants.

The value of the electronic temperatureT can be
obtained from the ratioR = εul/εhb of two spectral lines
λul andλhb which should have a sufficient excitation energy
difference:

T = (Eu − Eh)/kB

ln
(

λul

λhb

Ahbgh

Aulgu
R

) R = εul

εhb

1T

T
≈

[
1R

R
+ 1(Ahb/Aul)

(Ahb/Aul)

]
kBT

Eu − Eh

. (11)

This ratio of two line intensities does not include the
partition function Q(T ) and knowledge of the plasma
component densities is not necessary. The relative error

1T/T is determined mainly by the uncertainty in the
transition probability ratio.

4. Experimental results

In order to discuss the validity of the diagnostic method
described in this paper, we used experimental spectra
published by several authors, for which the plasma
temperature was determined by other diagnostic methods.
Spectra of the following plasma sources were investigated:
a recombining jet of plasma torch, an atmospheric glow
discharge, and a surface ionizing wave device (surfatron).

In each case, we give the experimental set-up (a),
an example of the OH spectrum recorded and results of
the plasma diagnostic (b). In this last figure, we give
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Figure 3. Ratios of the two G1 couple lines as a function of T and 1λapp : (•), R2(4)/R2(14); and (�) R2(3)/R2(15).

Figure 4. Ri3 = I0/I23 (i = 1, 2) as a function of T and 1λapp . 1λapp (�), 0.020 nm; (F), 0.030 nm; (♦), 0.040 nm; (+),
0.050 nm; and (•), 0.060 nm.

the temperatures calculated using the different methods
previously presented:

(i) ratios Rij = I0i/I2j (i = 1, 2; j = 2, 3, 4),
(ii) ratios R2(i)/R2(j) (i = 4, j = 14; i = 3, j = 15)

of G1 line couple maxima,
(iii) the ratio Rgm of global maxima (see section 2.3.2)

and
(iv) the method [R2(i); R2(j)] (i = 4, j = 14, i =

3, j = 15) of a two-line Boltzmann plot (see section 2.3.1).
On the right-hand side of each figure, the mean value

of selected results (marked by�) is shown. This value
is used to calculate the theoretical spectrum which may be
compared with the experimental recording.

4.1. The recombining jet of the plasma torch

Experimental results were obtained from a plasma jet
produced at the anode of a DC wall stabilized arc (see
figure 6(a)). The working gas (3 l min−1) was argon
which was bubbling in through water at the input of
the device. The fraction of the water injected into the
plasma as a trace was not known precisely, but experiment

shows no plasma disturbances caused by the small water
concentration injected into the torch. The anode hole
diameter was 4 mm and the current intensity 33 A. OH
bands were recorded with a spectrometer and a CCD sensor
or photomultiplier tube. The spectrometer was of the Ebert–
Fastie type with a resolutionR = 1λ/λ of 1.5 × 105.
Spectroscopic side-on measurements were performed in the
jet plasma zone where tungsten wires could be placed.

A typical experimental and calculated spectrum are
shown in figure 6(b). Different methods of the plasma
diagnostic described above were applied to the experimental
spectrum. A diagram of determined temperatures is also
plotted in figure 6(b). The gas temperature is given as the
mean value on the right-hand side of this diagram. Some
results were not included for calculation of the mean value
of gas temperature. They were mainly

(i) those based on the maximum intensity of the head
band at 306.357 nm, because of possible overlap with
copper line emission; and

(ii) the TLBP method results, because of its sensitivity,
under these experimental conditions, to uncertainties in
determination of the continuum intensity and line half
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Figure 5. Ratios Rgm of the global maxima as a function of T and 1λapp : (——), 1λapp = 0.025 nm; and (– – –),
1λapp = 0.150 nm.

width.

The obtained temperature values for different distances
d from the anode(d = 0) are given in figure 6(c).
Generally, for an apparatus function1λapp ≈ 38×10−3 nm,
the rotational temperature is in good agreement with plasma
temperatures measured using a tungsten wire of length
(2 mm) small in comparison with the jet diameter (5 mm),
with the ratios R2(i)/R2(j) (i = 4, j = 14; i = 3, j = 15)
of G1 line couple maxima. For the anode region (d <

2 mm), the emissive species are localized in the periphery
of the jet and the resultant flattening of the OH curve can
be explained in terms of this concentration effect.

4.2. The atmospheric pressure glow discharge (APGP)

The experimental set-up used by Massineset al [6] is
presented in figure 7(a). The discharge is generated
between two plane electrodes of 4 cm diameter, coated
with a ceramic layer, separated by a gap of 5 mm. Primary
vacuum pumping of the chamber containing electrodes
is performed for 2 h, then helium is introduced until a
pressure of about 0.1 MPa is reached. A glow discharge
may be generated with a power supply working at 2.8–
5.5 kHz. The optical multichannel analyser (OMA III) is
used to observe the light emission during the discharge
propagation in helium. According to Massines [6], the
emission spectrum clearly shows the efficiency of helium

to excite the impurities adsorbed on electrodes, or existing
as traces within the vessel. Particularly intense are spectra
of CO+ (first negative system), OH (306.357 nm system)
and N+

2 (first negative system).
A typical experimental spectrum (supplied free of

charge by Massines) and the calculated one are shown
in figure 7(b). A schematic view of results is also
plotted in figure 7(b) for the apparatus function around
1λapp ≈ 28 × 10−3 nm. The temperature of the gas is
given as the mean value on the right-hand side. Results
obtained from the head band at 306.357 nm, the ratios
R2(i)/R2(j) (i = 4, j = 14; i = 3, j = 15) of G1 line
couple maxima and from the two-line Boltzmann plot were
excluded from calculation of the mean value because of
the weak intensities of the lines needed for diagnostics
of this kind. According to Massines, the temperature
determined by use of the first negative system of N+

2 is
aroundT = 300 K. The results obtained by studying the
spectrum of the OH band are in good agreement with this
value.

4.3. The microwave surface discharge device

The results presented below were obtained by Moussounda
and Ranson [7]. Their experimental set-up is shown in
figure 8(a). Ionization is produced by a surface wave in a
quartz tube; the device is called a ‘surfatron’. The inner
diameter of the tube is 1 mm; the external diameter, 4 mm.
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Figure 6. The recombining jet of the plasma torch: (a) experimental set-up and (b) typical OH spectrum and results (argon
(3 l min−1) and Iarc = 33 A). (c) Temperatures in a recombining jet of a plasma torch.
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Figure 7. The atmospheric pressure glow discharge: (a) experimental set-up and (b) typical OH spectrum and results
(helium, discharge power 2.8 kW, 5.5 kHz and P = 0.1 MPa).
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The spectroscopic observations are made at the exit of this
tube. A thin plasma jet enters a Pyrex vessel in which
a pressure of 1–2.5 atm can be applied. The supplied
microwave power was about 1.5 kW with a frequency
of 2.45 GHz. The OH and N+2 spectra were obtained
with a double monochromator with resolution power of
R = 1λ/λ = (3–6)×105. The light intensity measurement
of spectra was carried out with a photomultiplier.

A typical experimental spectrum, obtained by Mous-
sounda and Ranson [7], and the calculated one are shown in
figure 8(b). The diagram of calculated temperature values
is also plotted. The gas temperature is given as the mean
value on the right-hand side in figure 8(b). Results obtained
from the ratios R2(i)/R2(j) (i = 4, j = 14; i = 3, j = 15)
of G1 line couple maxima and from the two-line Boltzmann
plots had to be excluded because of the weak intensities of
the R2(4) and R2(14) lines.

For the apparatus function1λapp ≈ 28 × 10−3 nm,
the mean value obtained in this way agrees well with
results given by Moussounda and Ranson. They applied
a diagnostic method based on the N+

2 and Ar spectrum and
the Abel inversion procedure. Discrepancies were observed
by these authors for the rotational temperatures determined
from two-band side-on records. In fact, those bands were
not emitted by the same spatial zone of the plasma: the
OH band shows an off-axis maximum and the N+

2 band is
preferentially emitted on the discharge axis. The interest in
using those two bands is that the plasma diagnostic realized
this way allows one to cover the whole of the discharge
radius, with the existence of an overlapping region that
allows one to verify the consistency of these two methods.

5. Application to the diagnostic of a gliding arc

5.1. The experimental set-up

A new means of non-thermal and industrial size plasma
generation, by formation of gliding electrical discharges
at atmospheric or higher pressures, has been developed in
Orléans (France) by Czernichowski, see [8]. The electrical
set-up consists of two arcing horns and a high-voltage DC
power supply. When a voltage is applied to the horns,
then, as an effect of the strong electric field, the electric
arc is created at the place with the smallest gap between
the horns (0.5 mm), and then the arc moves towards the
top of the gap through the successive positions (1) and
(2) (see figure 9(a)). The reacting gas flows (dg = 2–
8 Nm3 h−1) through the inlet nozzle and blows the arc.
Although various gas mixtures can be used, the results
presented in this paper were obtained from experiments
carried out in air at atmospheric pressure. The high-voltage
power supply consisted of a high-voltage transformer with
a diode and a capacitor. Under DC operating conditions the
internal resistance isR = 1000�, and the no-load voltage
was E0 = 5000 V. This arc shows a strong emission of
copper spectral lines at the electrodes.

The plasma generator was built with two electrodes
made of copper tubes which form a nozzle of 20◦ angle and
a neck of 0.5 mm. The electrodes were gripped between
two panes of glass. The whole of the discharge volume was

visible, which allowed observation of a gliding arc from
its ignition until its longest expansion. Pictures obtained
from a high-speed camera show the arc core conduction
radius (Cir, or channel ionized radius) which was less
than 1.5 mm for the above-described operating conditions.
This radius was small in comparison with the region where
molecules are excited. The gliding arc is acting as a plasma
wire blowing in the reacting gas, exciting a large number
of molecules. As the voltage increases, the plasma wire
stretches in the flow; but the current intensity stays constant.
Electrical and optical measurements show a constant power
per unit of length and constant conduction radius [9]. For
a flow rate ofdg = 3 Nm3 h−1, the typical expansion time
of the arc is 23 ms for a maximal length of around 35 cm
and an arc currentIarc ≈ 1 A. Then, the observed part of
arc is supposed to be similar from the bottom to the top,
and so averaged measurements are supposed to be valid.
The complete gliding arc is not presented here, but is the
aim of another paper [9].

5.2. Diagnostic

OH bands were recorded with the Ebert–Fastie spectrometer
with the spectral resolutionR = 1λ/λ = 1.5 × 105.
The apparatus function, presumed to be Gaussian (FWHM
about 1λapp ≈ 22 × 10−3 nm), was obtained via
measurement of the spectral line profile emitted by the
low-pressure Hg discharge lamp. The optical multichannel
analyser (OMA III) was used to study the lateral and
longitudinal light emissions of the gliding arc. A typical
experimental spectrum and the calculated one are shown in
figure 9(b). A schematic view of results is also plotted.
Various temperature determination methods based on this
experimental spectrum can be discussed. In particular, the
head band at 306.357 nm must be applied with care because
of the copper line, which, however, may be isolated from
the head band.

We have to point out that the light emitted by the
gliding arc was very weak, and the signal/noise ratio was
bad, especially for transversal measurements, when we
were unable to follow the plasma wire in its movements.
The observed spectrum was also marked by unknown lines
around 307.4 (perhaps a copper line?), 307.6 or 307.9 nm,
and by two intense lines (group centred on R1(14) around
306.8 nm). For these reasons some of the temperature
measurements results had to be excluded:

(i) the two-line Boltzmann plot, because of the
sensitivity of this method to continuum noise and half width
determination; and

(ii) the Ri3 (i = 1, 2) ratios, which gave temperatures
too high because of very weak values of the I23 maximum.

The temperature of the gas is given on the right-hand
side in figure 9(b) as the mean value of results marked
by �. In each case, the transversal and longitudinal
measurements gave similar results, namely, a time–space
averaged temperature around 3000 K.

We give a simple analysis of the plasma state around
the ionized channel. The emission from OH bands around
the plasma wire can be described, in a longitudinal cut, as
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Figure 8. The microwave surface discharge device: (a) Experimental set-up and (b) typical OH spectrum and results (argon,
discharge power 1.5 kW, 2.45 GHz and P = 0.1 MPa).
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Figure 9. The gliding arc: (a) experimental set-up, (b) typical OH spectrum and results (air (3 Nm3 h−1), mean discharge
power 2 kW, longitudinal measurement) and (c) a schematic view of the longitudinal cut.
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a weak ionized gas ring distorted in the flow. A schematic
view is given in figure 9(c) on which three circles are
drawn. The external one is the cut with a tail coming from
flow effect perturbations. Spectroscopic measurements of
OH bands show the exciting region (ER) around the ionized
channel. The length of ER is about 25–40 mm and its
width is about 3–10 mm (see figure 9(c)). Such a picture
is typical, but, because perturbations may have an influence
on the relative position of the various circles, this typical
value can be strongly disturbed by turbulence effects. One
may assume that, in the emitting ring, ER, the plasma
temperature and radical density are approximately constant.
Such an assumption is in good agreement with experimental
results obtained from time-resolved head band intensities
measurements. A schematic view of a typical intensity
distribution of the OH and N+2 emission spectra, after the
Abel transformation, is shown in figure 9(c).

It is evident that the rotational temperature can be
deduced in the OH emission-ring zone from the measured
OH spectrum. Such an analysis is today of great interest
for better understanding of gliding arc physics.

6. Conclusion

The radical OH is a thermometer which naturally appears in
various regions of discharges. Even if chemical processes
in the plasma are unknown, this ‘thermometer’ gives the
gas temperature in the corresponding emission region.

The OH band diagnostic is available for a large
temperature range. The calculated OH spectra show
differences in appearance as a function of temperature.
Estimation of the plasma temperature can be roughly
evaluated from a glance at the experimental spectrum.
At room temperature the head band at 306.357 nm is
not visible and only a few lines are observed. As
the temperature increases, the head band intensity at
306.357 nm also increases and it is very easy to distinguish
spectra corresponding to the temperature ranges 6000–
4000, 3000–2000 and 1000–300 K.

More accurate determination of the rotational tempera-
ture can be performed from the ratio of several head bands
or isolated lines. The choice of method should be made
with respect to the above analysis of possible systematic
errors. Noisy spectra can also be used by taking into ac-
count a greater number of lines. Nevertheless, results ob-
tained fromR2j (j = 1 . . . 3) ratios agree well for various
experimental set-ups, especially when usingj = 2.

The experimental results obtained in various exper-
iments show the relevance of these methods for low-
temperature plasma diagnostics. Generally, if an inhomo-
geneous state of plasma is found, temperatures and concen-
tration gradients are observed. One of the most interesting
points is related to the OH emission zone which is in many
cases limited to a region surrounding an arc core. Another
point of interest is the radical OH lifetime and formation
process, from knowledge of which many chemical reactions
can be improved.
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