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Abstract: We develop in this note a simple and practical method for the determination of the rotational temperatures 
based on the observation of molecular bands produced by the OH-radical. For this, we make an approach based on the 
concept of thermodynamic equilibrium and we proceed to a detailed study of OH. We carry out the simulation of this 
OH-radical by systematically assuming the different cases of Hund. We have revised the molecular constants of the 
literature related to OH-radical, and we have used the expressions of the rotational energy levels which are in good 
agreement with literature data. We have established the evolution of the rotational structures as a function of the 
simulation parameters. The comparison between the results of literature and the simulated results has allowed deducing 
the rotational temperatures by using Boltzmann method. 
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Etude spectroscopique du système 2����→2����    du radical OH et détermination des 
températures de rotation en utilisant un modèle numérique. 

 

 

Résumé : Nous développons dans cet article une méthode simple et pratique pour la détermination des températures de 
rotation à partir des spectres produits par le radical OH. Pour cela, nous faisons une approche basée sur l’équilibre 
thermodynamique et nous procédons à une étude détaillée du radical OH. Nous élaborons ensuite un modèle de 
simulation en se référents aux différents cas de Hund. Nous passons également en revue les constantes moléculaires 
disponibles dans la littérature sur le radical OH et nous utilisons des expressions pour les niveaux d’énergies qui sont en 
bon accord avec les résultats de la littérature. Nous avons pu établir que l’évolution des structures rotationnelles est 
fonction des paramètres du modèle de simulation. La comparaison entre les résultats de la littérature et ceux du modèle 
a permis de déduire les températures rotationnelles en utilisant la méthode de Boltzmann. 

Mots clés : Niveaux d’Energie ; Spectre ; Température Rotationnelle ; Radical OH ; Modèle Numérique. 
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1. Introduction 

     Spectroscopic analysis of the radiation emitted 
by plasma is an excellent way of diagnostic because 
it does not disturb the plasma as it is the case where 
different kinds of probes are used. The only 
drawback is the inability to detect the non-radiative 
states. To determine the rotational temperature of 
the plasma, several methods are proposed, such as 
Boltzmann graph method, the method of measuring 
the absolute intensity or the relative intensity. In 
certain regions of plasma with low temperature 
where the electronic density decreases significantly, 
the intensity of atomic radiation is very low and the 
measurement errors of the temperature become 
increasingly important. In most of plasma and for 
certain ranges of temperature, we can observe some 
molecular spectra of OH-radical highly developed. 
Indeed, OH–radical plays a key role in atmospheric 
chemistry from the surface through the mesosphere. 
Its distribution in the 30–70 km altitude region of 
the atmosphere is important in determining global 
stratospheric temperatures and circulation through 
its influence on the ozone budget [1]. The formation 
and destruction of ozone in the upper stratosphere 
and lower mesosphere is controlled mainly by 
reactions involving odd-hydrogen species, so the 
understanding of these reactions is crucial to the 
study of radiative and climatic effects of ozone 
change [2]. The accuracy of model calculations that 
describe the coupling between ozone and OH 
radicals has improved significantly in recent years 
with the availability of satellite data [3]. Vertical 
concentration profiles of OH have been retrieved 
from measurements by satellite instruments 
including the Aura Microwave Limb Sounder 
(MLS) and Middle Atmosphere High Resolution 
Spectrograph Investigation (MAHRSI) [4; 5]. About 
emission spectra and rotational temperature 
measurement, several recent methods have been 
used in the literature. We can name the high 
efficiency terahertz (THz) sources of Drouin [6], the 
R2PI Spectroscopy used by Carpentier [7], Cavity 
Ring-Down (CRD) Spectroscopy used by Tanner [8], 
the sub-Doppler infrared spectroscopy in a slit 
supersonic discharge expansion source of 
Buckingham [9]. We can also add other many 
methods such as the one of Dehghani [10] using dry 
ice cooled gas cell, the technical of Siller [11] based 
on optical parametric oscillator calibrated with an 
optical frequency comb and many other methods [12–

15].  
     Among all these methods encountered in the 
literature, no one uses, for the radical OH, a 
numerical model to determine emission spectra and 

rotational temperature. That is the main originality 
of the present paper which is an essential 
contribution in the understanding of the behavior of 
plasma containing OH-radical. For this, we have 
determined first the main variables of OH-radical 
such as the lines strengths and the wavelengths 
corresponding to the three branches P, Q and R 
studied. In a second approach we have investigated 
the influence of the device profile and we have 
determined the head of the branches sensitive to the 
temperature of rotation. Finally, Boltzmann method 
is used to determine rotational temperature with the 
model. Comparison of our results with those of 
literature shows that the model proposed in this 
paper gives results in good agreement with 
experimental results and can possibly be applied to 
other molecules. 
 
2. Materials and Methods 

 
     The interest and the originality of the numerical 
model presented in this paper are useful for several 
reasons. Firstly it allows the identification of the 
compounds. Secondly, the model allows us to easily 
determine the rotational temperature by comparing 
the simulated and the experimental data of 
intensities and the positions of the rotational stripes. 
For this, the simulation process we have adopted is 
based on the following steps: 

- We determine the spectral terms of rotation of  
each state and each doublet, taking into account the 
splitting of the spin, the Λ-doubling, and, the term 
taking into account the strong rotations, 
- We determine the wavelengths of the branches  
P, Q and R considering the specific selection rules 
of each branch, 
- We establish the terms of the lines strengths, 
- We identify the different molecular constants, 
- We define a scale (spectral resolution) in order  
to integrate the intensities of all the stripes having 
their wavelengths in the same interval. The 
representation of the integrated intensities as a 
function of wavelength is called an ideal spectrum. 
The graphical representation obtained is a Dirac 
comb where each peak has its own intensity. 
     The device profile plays an important 
experimental role. In most cases, a slot of spectral 
apparatus gives a Gaussian spectral profile with a 
half - width, DX, at 1/e of height. This half - width 
is an essential parameter of the simulation program. 
Finally, we proceed to the numerical convolution of 
each Dirac peak with the Gaussian profile and we 
get the final simulated spectrum whose parameters 
are DX and Tr. 
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3. Basic Formulas 
 

3.1.  Rotational energy, term of energy and wave 
numbers   
 

     Considering that the resulting of the orbital 
angular momentum Λ ≠ 0, we can obtain the 
rotational energy using respectively case (a) and 
case (b) of Hund: 
�� = ��	� + 1�                                                             (1) 

�� = �
�	� + 1� − ���                                              (2) 

The rotational energies used for 2
Σ (Equations 3a 

and 3b) and 2
π (Equations 4a and 4b) are 

respectively defined by: 

��	�� = ��	� + 1� − ���	� + 1�� + �	� + 1/2�       (3a) 

��	�� = ��	� + 1� − ���	� + 1�� − �	� + 1/2�       (3b) 

��	�� = � �	� + 1�� − 1 − �
� �4	� + 1�� + �	� − 4�� −

���	� + 1��	with			� − �
� = �                                            (4a) 

��	�� = � ��� − 1 + �
� �4�� + �	� − 4�� − ���	� +

1��	with			� + �
� = �                                                             (4b) 

 
For both states (# and π), the constants B, D and R 
are characteristic of the state and a is called 
coupling constant. If we take into account the Λ-
doubling, we can establish two supplementary 
levels of energies named by 	��′	�� and ��′	�� and 
given by: 

��′	�� − ��	�� = $��	� + 1�                            (5a) 

��′	�� − ��	�� = $��	� + 1�                           (5b) 
 
Where b1 is a constant depending to the state. 
 

The Three branches named P, Q and R obey to the 
transition rules characterized by ∆K=0 or ∆K=±1 
and are called strong branches. The other branches 
characterized by two indices and denoted by Pij, Qij, 
Rij with i, j = 1,2 and i ≠ j are called satellite 
branches or weak branches. Taking into account 
only the strong branches, we obtain ten branches 
also called wave numbers which can be expressed 
as a function of the energy of the initial state and 
the final state levels [16]: 
 
3.2. The lines strengths 

 

    The lines strengths also called transition 
probabilities depend essentially on the quantum 
number of rotation J and the coupling constant a. 

They can be determined using the expressions of the 
energies levels and are given by: 
R� = �'(�

�'(�	
	 )	2� + 1� + *
	2� + 1�� − 2��+                          (6) 

, R�Q�� =. �'(�
�'(�	
	 )	2� + 1� ± *
	2� + 1�� + 2	� − 4��+             (7) 

, Q�R�� =. �'(�
�'(�	
	 0	�'(��123±4
	�'(��526'2�3�

' 7                              (8) 

,Q�P�� =. �9(�
�9(�	
	 0	�'(��12�±4
	�'(��526'(�	32:��

' 7                          (9) 

P� = �9(�
�9	

	 )	2� + 1� + *
	2� + 1�� − 2��+                         (10) 

, P�Q�� =. �9(�
�9	

	 )	2� + 1� ± *
	2� + 1�� + 2	� − 4��+           (11) 

 
Where U is given by: 
 

*2� = �	2� + 1�� + �	� − 4�                                           (12) 

In equations 6 to 11, the sign (+) before the U is 
always refers to the main branches and the sign (–) 
refers to the satellite branches. Considering the 
nature of the transitions Σ and π, the molecular 
constants of OH-radical which appear in equations 
1 to 12 are given in the Table 1. 
 
4. Results and Discussion 

 
4.1. Different parts of a simulated spectrum 

    We present in Figure 1 the results of a simulated 
spectrum of OH in the spectral range between 
λ=3064.8 Ǻ and λ=3331 Ǻ. 
The analysis of the numerical spectrum shows 
clearly that the rotational stripes of the different 
branches of OH-radical are distributed between five 
spectral intervals defined by: 
- From λ=3064.8 Ǻ to λ=3079.3 Ǻ we have only  
the branches R. We can clearly distinguish the head 
of the branch R for λ=3068.5 Ǻ, 
- From λ=3079.3 Ǻ to λ=3082.6 Ǻ we have a  
superposition of the branches Q and R, 
- From λ=3082.6 Ǻ to λ=3161.9 Ǻ we have a  
superposition of all the three branches P, Q and R. 
We can identify the head of the branch Q for  
λ=3090.7 Ǻ which is a complex stripe well 
resolved, 
- From λ=3161.9  Ǻ to λ=3248.9 Ǻ we have a  
superposition of the two branches Q and P, 
- From λ=3248.9 Ǻ to λ=3331 Ǻ we have only  
the branches P. It may be noted in that figure that 
the rotational stripe of the branches P are very low 
compared to the rest of the spectrum. 
In contrast, the rotational stripes of the branches Q 
represent a major proportion of total rotational 
stripes of OH radical. 
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4.2. Influence of the rotational temperature 

    Figure 2 is formed by the superposition of three 
simulated spectra normalized relatively to the head 
of the band Q with three values of rotational 
temperature i.e. Tr=3000 K, 5000 K, 7000 K and for 
DX=1. 
     We can see that when the rotational temperature 
varies, the intensity of the head of the band R, 
normalized relatively to the intensity of the head of 
the band Q varies greatly. The rest of the spectrum 
varies also and some non-existent stripes at low 
temperatures become important with increasing 
temperature as for example the stripes of the branch 

P which are nonexistent for Tr = 3000 K and for 
wavelengths λ> 3260 Ǻ but become visible for 
Tr = 5000 K and relatively large for Tr = 7000 K. 
One of the important points is that the head of the 
band R is very sensitive to the temperature of 
rotation and can therefore serve as thermometer to 
evaluate the temperature of rotation. 
 
 
4.3. Influence of device profile DX 

    The half - width DX to 1/e of height of the device 
of Gaussian profile is an important parameter for 
the simulation. 

 

Table 1: Molecular constants of 2Σ→2π. 

Constants B D R a b1 
State 2Σ 16.961 0.00204 0.1122 - - 
State 2� 18.515 0.00187 - -7.547 0.0417 

 

 

 
Figure 1: Simulated spectrum for Tr=4000 K and DX=1/3. 

 

 
 

Figure 2: Superposition of three simulated spectra for three rotational temperatures. 
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Figure 3: Superposition of three simulated spectra for three values of DX. 
 

Figure 3 is formed by the superposition of three 
spectra obtained for the same temperature Tr = 4000 
K and for three values of DX (DX = 1/3, DX =1 and 
DX = 2). We can see that when the value of the 
device profile DX is higher, the resolution of the 
spectrum is smaller because some recoveries can 
occur when the device function becomes important. 
Indeed DX allows us to define a level of spectral 
resolution by scanning the spectral band in an 
interval of given wavelengths in order to integrate 
the intensities of all the stripes which have their 
wavelengths in this interval. The representation of 
the integrated intensities of the stripes as a function 
of wavelength gives an ideal spectrum. That is why 
the rotational structure of the spectrum is destroyed 
when DX is increasing. 
 
4.4.  Determination of the rotational 

temperatures by comparing simulated 
spectra and experimental spectra 
 

    We use in this section the Boltzmann method to 
determine the rotational temperatures using the  
 

relative intensities of the thermometric and 
rotational stripes. This method was successfully 
used by Koulidiati [17] to evaluate the temperatures 
of rotation of CH and C2. Considering therefore the 
intensity of thermometer rotational stripe R we can 
obtain the following relation: 

ln =>?"A"?′A′
B?′?"C = − DEF′	'�

GHI                                                (13) 

Where h is called Planck's constant, k is the 
Boltzmann's constant and c is the velocity of light. 
The intensity	J'"K"'′K′  is measured, the lines strengths  
L'′'" and the high rotational energies level F’ (J) are 
calculated. The expressing of energies levels is 
given by:    

�′	�� = ��	� + 1�                                       (14) 

Three spectra experimentally validated (Figures 4, 
5 and 6) obtained for three rotational temperatures 
have been selected for the validation of our 
simulation model [16].  

 

Figure 4: Literature data of the spectrum of the OH-radical for Tr=500 K [16].  
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Figure 5: Literature data of the spectrum of the OH-radical for Tr=1000 K [16]. 

 
For the spectra of Figures 4, 5 and 6, the 
Boltzmann graphs are obtained using the simulation 
model. The linearity of the curves (Figure 7) shows 
that the populations of rotational levels of OH 
follow a distribution of Boltzmann and then we can 
define a temperature of rotation [18]. The use of the 
numerical model, by superposing numerical 
spectrum and experimental spectrum, allows us to 
determine the temperatures of rotation.  Table 2 
presents the theoretical results about the rotation 
temperatures compared to the results of our model. 
 
We can note that the results of the simulation model 
are in good agreement with the results of the 
literature. The three values of temperature are 
Tr=524 K, Tr=1027 K and Tr=2965 K and the 
relative uncertainties for these three values of 
temperature are respectively 4.8%, 2.7% and 
1.17%. The average uncertainty for the three values 
of rotational temperature is ∆T=±28.67 K. Another  

method based on Cavity Ring-Down laser 
Spectroscopy (CRDS) to measure the OH 
concentration profile has allowed to measure the 
rotational temperature with an uncertainty 
∆T=±30 K [19] that is in good agreement with the 
order of magnitude of uncertainties that we have 
obtained in this work.  
For all the three theoretical spectra of OH studied, 
the use of our numerical model allows to obtain an 
expression for the rotational temperature Tr given 
by:       

M� = DE
G.N3OP                                                          (15) 

 
where Q	is the value of the angle formed by the 
straight line of Boltzmann with the horizontal line. 
This relation has already been obtained by Lavrov 
and Otorbaev [17] for other molecules confirming 
that our model can be used to determine, with 
reasonable uncertainties, the rotational temperatures 
of OH in the range of wavelengths studied. 

 

 

Figure 6: Literature data of the spectrum of the OH-radical for Tr=3000 K [16]. 
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Figure 7: Determination of the rotational temperatures by using a numerical model. 

 

Table 2: Comparison of rotational temperatures. 

Results of literature [16] Results of numerical model  
(This work) 

Tr=500 K 
Tr=1000 K 
Tr=3000 K 

Tr=524 K 
Tr=1027 K 
Tr=2965 K 

 
 

5. Conclusion 

     In this manuscript, we have proposed a 
numerical method to determine the spectra and the 
rotational temperature of OH–radical. We have 
normalized the entire spectrum relative to the 
intensity of the head of the branch Q and we have 
used the normalized intensity of the head of the 
band R as thermometric function. The Boltzmann's 
method applied to the normalized intensities of the 
thermometric stripes R is used to determine, with 
the numerical model, the temperatures of rotation of 
OH-radical. The interest and the originality of the 
method proposed in this paper is that firstly, it can 
be used to determine molecular spectra and 
temperatures of rotation but secondly it can be used 
also in any medium relatively difficult to diagnose 
and containing OH-radicals such as industrial sites 
where the power of resolution of the spectroscopic 
devices installed is limited. This method also gives 
an idea on the thermodynamic equilibrium in the 
medium studied when the Boltzmann representation 
is not a straight line. The results obtained for all the 
rotational temperatures are in good agreement with 
the results of the literature. Then, it is possible to 
use the results of the spectra to determine the 
porosity of a medium, the velocity of the particles, 
etc. Supplementary studies should be desirable in 
the future taking into account a wide spectral range 
of wavelength for a wide variety of compounds. 
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