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MEASUREMENT OF ROTATIONAL TEMPERATURE 

BY SIMULATED MOLECULAR SPECTRA. 
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ABSTRACT 

The measurement of temperature of heavy particles in a thermal plasma is 

based on the comparison of experimental rotational spectrum obtained by optical 

emission spectroscopy and synthetic spectra calculated for different temperatures. 

The calculation principle of the synthetic spectra is detailed as well as the 

temperature accuracy obtained. This method is used to measure the temperature of 

an Ar-C02 mixture plasma produced in a wall stabilized arc with molecular spectra 

of C2 (Swan system) and CN (violet system). 
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1202 COITOUT AND FAURE 

I INTRODUCTION 

Most plasmas present a desequilibrium between the electronic temperature 

and the temperature of heavy particles This desequilibrium is a fundamental 

parameter in the calculations of plasma composition because it affects the reactions 

occurring between chemical species [ 1.21 The electronic temperature can be 

determined by probe measurement [3] or Stark broadening of hydrogen Hp line [4] 

Molecular spectroscopy allows the determination of rotational temperature The 

rotational temperature of ground states or metastable states has been determined 

by laser induced fluorescence (LIF) on CO molecule [5,6], CCI [7], C2 [8], 

CN [9,10], CH [ l l ]  radicals, C I Z ~  ion [12] or the optogalvanic effect [13] The 

rotational spectrum of SiN radical has been recorded in an RF reactor at 

13 56 h4Hz with silicium in a nitrogen plasma [14] The rotational temperature of 

molecular excited states has been studied in the last few years The rotational 

temperature, in a nitrogen arc at atmospheric pressure, has been measured [ 151 

using high resolution spectroscopy In an arc jet, at low pressure, the rotational 

temperature has been measured using optical spectroscopy combined with the 

calculation of synthetic spectra of the first positive system of nitrogen [ 161 and NH 

radical [ 171 

The aim of this work is to define the principle of the measurement of 

rotational temperature in an Ar-CO2 mixture thermal plasma at atmospheric 

pressure This measurement is based on the comparison of the experimental 

rotational spectrum obtained by optical emission spectroscopy and the synthetic 

spectra calculated for different temperatures The calculation principle of the 

synthetic spectra is detailed as well as the temperature accuracy obtained 

I1 PRINCIPLE OF TEMPERATURE MEASUREMENT 

In a gas discharge plasma in mixture of CO? with inert gas (Ar), a 

molecular carbon formation process occurs, characterised by the Swan band 

CL(d311g) -+ C,(a3n,) ,  located in the visible region of the spectrum [18]. The 
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MEASUREMENT OF ROTATIONAL TEMPERATURE 1203 

violet system CN(BZXA) + CN(XZC') of the CN radical has also been 

observed [ 191. These two bands are the most intense ones observed in the visible 

and near UV range 

The determination of gas temperature in the arc is performed by 

measurements of the rotational temperature of the C2 and CN radicals. Owing to a 

small energy separation between the rotational levels of the molecules. the 

populations of the rotational states correspond more closely to the translational gas 

temperature in the arc column. Inelastic electron-molecule collisions excite the C2 

and CN radicals without altering their angular momentum. Hence the excited states 

have the same rotational distribution as the ground state The C2(d3Hg) lifetime of 

the order of 1 ps [20], and the CN(B2X+) lifetime of the order of 60 ns [21,22] are 

much longer than the mean time between collisions at the atmospheric pressure, 

which can be evaluated less than 1 ns Since rotational equilibrium typically 

requires = 10 collisions, rotation-translation equilibrium does prevail for all 

emitting species Hence the excited states C2(d3ng) and CN(B2C+) have the same 

rotational distribution as the ground states, respectively C2(X1 C,) and 

CN(X2Cf) Boltzmann's law for these molecule populations is therefore valid 

Calculated Spectra 

The following relation may be written for the intensity of each rotational 

line emitted [23] : 

where D(J') is a spectroscopical fknction taking into account the strength line [24], 

the strength band and the rotational partition fknction, v the transition frequency, k 

the Boltzmann constant, h the Plank constant, c the light velocity, Trot the 

rotational temperature and F,.(J') the rotational energy of the upper level J'. The 

total energy of the molecule is the sum of the electronic, vibrational and rotational 

energy [23]. 
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Intensity (a.u.) 

COITOUT AND FAURE 

T,, = loo0 K 

514 515 516 

(4 wavelength (nm) 

Intensity (a.u.) 

T,, = 6000 K 

0 

514 515 51 6 

(b) wavelength (nm) 

FIG. 1 : Simulated spectra : Swan system of Cz, (0-0) band, FWHM = 0.014 nm. 
a) Trot = 1000 K. b) Trot = 6000 K. c) Trot = 12000 K. 
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MEASUREMENT OF ROTATIONAL TEMPERATURE 1205 

Intensity (a.u.) 'I 
0 

T,d = 12000 K 

51 4 515 516 

wavelength (nm) 

FIG. 1 :  Continued 

First we calculate the maximum vibration number for each electronic state 

v,, by the comparison of the vibrational energy and the dissociation energy of the 

electronic state considered. Then Herzberg' s method of effective molecular 

potential [23,25] is used to calculate the maximum rotation number J,. The 

electronic states C~(d3l-I~) and C,(a311u) belong to Hund's intermediate coupling. 

The rotational term values for the triplets are written as [26] : 

4 y 2 - 2 J ( J + l )  1 
: F2(J)= Bv[J(J+l)+- I-Dv ( J +  T ) ~  3 

3 y I + 4 J ( J + l )  
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1206 COITOUT AND FAURE 

Intensty (a u ) 

O 1  

T,,= 1000 K 

387.2 387 4 387 6 387 8 388 0 388 2 

(4 wavelength (nm) 

lntenstty (a u ) 

Trd= 6000 K 

+l 

388 4 

387 2 387 4 387 6 387 8 388 0 388 2 388 4 

wavelength (nm) (b) 

FIG. 2 1 Simulated spectra : violet system of CN, (0-0) and (1-1) bands, 
b) T, = 6000 K. FWHM = 0.014 m. 

c) T, = 12000 K. 
a) Tml = 1000 K. 
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MEASUREMENT OF ROTATIONAL TEMPERATURE 

Intensity (a.u.) 
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388 4 

FIG. 2: Continued 

4 4 
with y , = h 2 Y ( Y - 4 ) +  - and y z = A ' Y ( Y - l ) -  - 

3 9 
and Y is the measure of the coupling force between the spin and the internuclear 

axis and A the orbital angular momentum. 

The wavelengths of each rotational line are deduced. The calculated 

spectrum is then convoluted with the function of the apparatus. A Gaussian 

apparatus function of 0.014 nm full width at half maximum (FWHM) is determined 

experimentally with an atomic line of mercury. For each IlT!;.,(A), we apply the 

function : 

where o is the standard deviation and FWHM equal to 2.35 x o. 

The whole spectrum is the sum of the rotational lines of the ro-vibrational 

band. For the Swan system of CZ and the violet system of CNI the Q-branches are 
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1208 COITOUT AND FAURE 

not taken into account in the calculation because their intensities are negligible in 

comparison with Ri and Pi (i = 1,2,3) branches. The rotational spectrum involves 

high rotational levels. Some overlapping of P and R lines are observed. Figures la, 

Ib and Ic present the calculated spectra of Cz for different temperatures. At low 

temperatures (1 000 K) R branches are dominant but at high temperature 

(T 2 6000 K) P branches are the most intense lines. Figures 2a, 2b and 2c present 

calculated spectra of CN for the same temperatures. 

I11 EXPERIMENT 

The experimental device is shown in Figure 3. 

The wall stabilized arc is produced in a modified Maecker chamber which is 

described in details in Figure4. This chamber is made of copper hallow cupels 

cooled with water. Bakelite cupels make it possible to electrically isolate copper 

cupels from one another and the tangential injection to the arc column of studied 

gas (CO2-Ar mixture). Three mass flow controllers regulate the gas flows and 

adjust the ratio of different gases in the mixture. The copper anode and the 

tungsten cathode are protected with argon. The discharge current is adjusted with 

a DC generator from 10 A to 50 A. The light emitted is observed perpendicularly 

to the arc column. In order to obtain a good spatial resolution, we used a 25 cm 

focal lens. The wavelength selection is carried out by a 150 cm focal length 

monochromator (high resolution monochromator THR 1500 Jobin Yvon). An 

holographic grating with 2400 grooves per millimetre has been used. The 

resolution is 0.01 nm at 516 nm. Behind the monochromator the light is detected 

with an optical multichannel analyser (OMA 4000 EG&G). The CCD detector 

(matrix of 5 12 x 5 12 pixels) is a thermoelectrically cooled CCD based detector 

(-70OC). This detector is efficient for wavelengths ranging from 300 nm to 1. I pm. 

Data are transferred to a PC computer to be analysed. Figures 5a and 5b present 

the experimental spectra of Cz and CN. 
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MEASUREMENT OF ROTATIONAL TEMPERATURE 1209 

Ar coz 

FIG. 3 : Experimental set up. M.C. : Maecker chamber, M.F.C. : mass flow 
controllers, D.C.G. : DC generator, L. : lens, M. : monochromator, 
G. : grating, M.S. : mecanic shutter, C.C.D. : CCD matrix, 
P.C. : microcomputer. 

IV TEMPERATURE MEASUREMENT 

The measurements are performed in an Ar-COz mixture (5.5 % COz, 

94.5 % Ar) at atmospheric pressure. The arc current is 25 A, the entrance slit of 

the monochromator 80 pm and the exposure time 1 s. The determination of the 

rotational temperature is obtained by the comparison of experimental spectrum 

with calculated spectra for different temperatures. We calculate : 

where : I, (i) is the i-peak intensity of the experimental spectrum, I,, (i) the i- 

peak intensity of the simulated spectrum for T,", and N the total number of peaks. 

We have a 0 for each rotational temperature. So the rotational temperature 
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1210 COITOUT AND FAURE 

I I 
I I 

Em 0 
Tungsten Bakelite Coppel 

FIG. 4 :  Modified Maecker chamber. K. : cathode, A. : anode, W. : water, 
O.M. : optical measurement. 

corresponds to @(Trot) minimum. We must take into account the beginning of 

different branch disturbances. For the Swan system of CZ and the violet system of 

CN. we only consider the peaks of the Pi branches to determine the temperature 

because in our temperature range they are the most intense lines. The number of 

peaks and the peaks chosen are shown in figures 5a and 5b - they are numbered. 

This choice can be explained by the very slight overlapping of these lines with 

other branches [27]. 
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1.07 
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6 
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6 9 10 

0 

1.0- 
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I " " . ,  
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FIG. 5 : Experimental spectra : Ar-CO2 mixture, 94.5 % Ar - 5 . 5  % C02, 
P = 1 atm, I = 25 A, Entrance Slit : 80 prn. a) Swan system of C2, (0-0) 
band. b) Violet system of CN, (0-0) band 
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1212 COITOUT AND FAURE 

The rotational temperatures deduced are similar to CZ and CN : 6500 K to 

the Swan system of CZ and 5700 K to the violet system of CN. 

The accuracy of this method depends first on the evolution of the calculated 

spectra in the studied wavelength range with the temperature, secondly on the 

intensity of the recorded signal. In our case the accuracy can be estimated at about 

500 K. 

V CONCLUSION 

The optical emission spectroscopy technique gives a non perturbative and 

accurate temperature measurement. This method allows to determine the rotational 

temperature in molecular plasma. It can be used in any plasma where diatomic 

molecular species (molecules, radicals, ions) are present. The accuracy will depend 

on the evolution of the calculated spectra in the wavelength range studied with the 

temperature. 
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