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Abstract: We develop in this note a simple and practical metfor the determination of the rotational temperas

based on the observation of molecular bands pratlbgehe OH-radical. For this, we make an apprdzased on the
concept of thermodynamic equilibrium and we proceed detailed study of OH. We carry out the sirtiataof this

OH-radical by systematically assuming the differeases of Hund. We have revised the molecular antsbf the
literature related to OH-radical, and we have ugedexpressions of the rotational energy levelsclwiare in good
agreement with literature data. We have establighedevolution of the rotational structures as acfion of the

simulation parameters. The comparison betweenehdts of literature and the simulated resultsaiiasved deducing
the rotational temperatures by using Boltzmann ogkth

Keywords: Energy Levels; Spectrum; Rotational Temperatute;r@dical; Numerical Model.

Etude spectroscopique du systénf&@—>m du radical OH et détermination des
températures de rotation en utilisant un modele nurérique.

Résumé :Nous développons dans cet article une méthode siatgiratique pour la détermination des tempérsitiee
rotation a partir des spectres produits par leceddDH. Pour cela, nous faisons une approche baséBéquilibre
thermodynamique et nous procédons a une étudelléétdu radical OH. Nous élaborons ensuite un neadkd
simulation en se référents aux différents cas dedHidous passons également en revue les constantésulaires
disponibles dans la littérature sur le radical QiHaus utilisons des expressions pour les niveanedgies qui sont en
bon accord avec les résultats de la littératureusNevons pu établir que I'évolution des structuationnelles est
fonction des parametres du modeéle de simulatiorcdmaparaison entre les résultats de la littérattieeux du modéle
a permis de déduire les températures rotationnefiagilisant la méthode de Boltzmann.

Mots clés :Niveaux d’Energie ; Spectre ; Température Rotai@dle ; Radical OH ; Modéle Numérique.
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1. Introduction rotational temperature. That is the main origipalit
of the present paper which is an essential
Spectroscopic analysis of the radiation emhitte contribution in the understanding of the behavibr o
by plasma is an excellent way of diagnostic becausglasma containing OH-radical. For this, we have
it does not disturb the plasma as it is the caserevh determined first the main variables of OH-radical
different kinds of probes are used. The onlysych as the lines strengths and the wavelengths
drawback is the |nab|l|ty to detect the non-radigati Corresponding to the three branch@s Q and R
states. To determine the rotational temperature oftydied. In a second approach we have investigated
the plasma, several methods are proposed, such gfe influence of the device profile and we have
Boltzmann graph method, the method of measuringjetermined the head of the branches sensitiveeto th
the absolute intensity or the relative intensity. | temperature of rotation. Finally, Boltzmann method
certain regions of plasma with low temperaturejs ysed to determine rotational temperature wiéh th
where the electronic density decreases signifigantl model. Comparison of our results with those of
the intensity of atomic radiation is very low amet |iterature shows that the model proposed in this
measurement errors of the temperature becomgaper gives results in good agreement with

increasingly important. In most of plasma and forexperimental results and can possibly be applied to
certain ranges of temperature, we can observe somgher molecules.

molecular spectra of OH-radical highly developed.
Indeed, OH-radical plays a key role in atmospheric. materials and Methods
chemistry from the surface through the mesosphere.

Its distribution in the 30—70 km altitude region of The interest and the Or|g|na||ty of the nuroari
the atmosphere is important in determining globalmodel presented in this paper are useful for sévera
stratospheric temperatures and circulation througheasons. Firstly it allows the identification ofeth
its influence on the ozone budd@t The formation  compounds. Secondly, the model allows us to easily
and destruction of ozone in the upper stratosphergetermine the rotational temperature by comparing
and lower mesosphere is controlled mainly bythe simulated and the experimental data of
reactions involving odd-hydrogen species, so thentensities and the positions of the rotationdpss.

understanding of these reactions is crucial to theor this, the simulation process we have adopted is
study of radiative and climatic effects of ozonepased on the following steps:

change”?. The accuracy of model calculations that
describe the coupling between ozone and OH We determine the spectral terms of rotation of
radicals has improved significantly in recent yearseach state and each doublet, taking into accoent th
with the availability of satellite dafd. Vertical  splitting of the spin, thet-doubling, and, the term
concentration profiles of OH have been retrievedtaking into account the strong rotations,
from measurements by satellite instrumentss We determine the wavelengths of the branches
including the Aura Microwave Limb Sounder P, Q andR considering the specific selection rules
(MLS) and Middle Atmosphere High Resolution of each branch,
Spectrograph Investigation (MAHRSH) ®. About - We establish the terms of the lines strengths,
emission spectra and rotational temperature We identify the different molecular constants,
measurement, several recent methods have been We define a scale (spectral resolution) in order
used in the literature. We can name the higho integrate the intensities of all the stripesihgv
efficiency terahertz (THz) sources of Drolfih the ~ their wavelengths in the same interval. The
R2PI Spectroscopy used by Carpentler Cavity representation of the integrated intensities as a
Ring-Down (CRD) Spectroscopy used by Tarffler  function of wavelength is called an ideal spectrum.
the sub-Doppler infrared spectroscopy in a slitThe graphical representation obtained is a Dirac
supersonic  discharge expansion source otomb where each peak has its own intensity.
Buckingham ). We can also add other many The device profile plays an important
methods such as the one of DehgH¥huusing dry  experimental role. In most cases, a slot of spectra
ice cooled gas cell, the technical of Silfét based apparatus gives a Gaussian spectral profile with a
on optical parametric oscillator calibrated with anhalf - width, DX, at 1/e of height. This half - width
optical frequency comb and many other metifds is an essential parameter of the simulation program
1] Finally, we proceed to the numerical convolution of
Among all these methods encountered in theach Dirac peak with the Gaussian profile and we
literature, no one uses, for the radical OH, aget the final simulated spectrum whose parameters
numerical model to determine emission spectra andreDX andT..
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3. Basic Formulas They can be determined using the expressions of the
_ energies levels and are given by:
3.1.nl'\L’J([)1§%t(|ecr>2al energy, term of energy and wave R, = Z_:;{(Z] + 1)+ U[2] + 1)? — 2a]} (6)
Ry _zn _
Considering that the resulting of the orbital {le = e @+ DU + 1D + 2 -] (7)
angular momentum # 0, we can obtain the éQz _ ﬂ{(2]+1)2—aiU[(21+1)3—8]—2a]} ®)
rotational energy using respectively case (a) andRzt  #/+2 J
case (b) Of Hund: {Ql - w{(2]+1)2_ZiU[(2]+1)3_8]+2(a_4)]} (9)
E. = BJ( +1) v e !
P = = {2+ 1D+ Ul +1)* - 2a} (10)
— _ A2
B = B = 4] @ {(f; =@ D U@+ D +2@-0) (1)

The rotational energies used fof (Equations 3a
and 3b) and’z (Equations 4a and 4b) are \where U is given by:
respectively defined by:

Ut=@/+12+ala—4) 12)
Fi(K) = BK(K +1) — DK2(K + 1)2 + R(K + 1/2) (3a)

In equations 6 to 11, the sign (+) before thds
always refers to the main branches and the sign (-)
refers to the satellite branches. Considering the
nature of the transitiond” and z, the molecular

F,(K) =BK(K+1)—DK*(K+1)>—R(K +1/2) (3b)

£f(K) =B [(K+ 12— 1-2 /4K + D2+ a(a—4)] -

DK*(K +1)* with J—3 =K (43)  constants of OH-radical which appear in equations
fo(K) = B[K* =1 +1/aKZ + ala — 4)| - DK*(K + 1 to 12 are given in th€able 1.
D2with J+5=K (4b)

4. Results and Discussion

For both states¥(andx), the constant8, D andR
are characteristic of the state amldis called

gouglll_ng constant. If vvte J?kr? |tnto accoulnt met We present ifrigure 1 the results of a simulated
oubling, we can establish two supplemen aryspectrum of OH in the spectral range between

levels of energies named bff(K) andf,(K) and 523064 84 andi=3331A.

4.1 .Different parts of a simulated spectrum

given by: The analysis of the numerical spectrum shows
, clearly that the rotational stripes of the differen
fi(K) — fi(K) = b, K(K + 1) (58) pranches of OH-radical are distributed between five
, spectral intervals defined by:
f2(K) = f(K) = b;K(K + 1) (5b) - From1=3064.8A t0.=3079.3A we have only
_ _ the branche&. We can clearly distinguish the head
Whereb, is a constant depending to the state of the branctR for 1=3068.5A ,

The Three branches namBdQ andR obey to the From1=3079.3A 0 1=3082.6A we have a

s : _ _ superposition of the branch@sandR,
transition rules characterized MK=0 or AK=%1 = _
and are called strong branches. The other branches From/_lt_—308?.6ﬁ\ttr<])/1;r?161b91§ W(raélave adR
characterized by two indices and denotedPhyQ;, \S/\L;geg;?f'ig)enngf athe eheargeofrétlﬂg bign%; for
R; with i, j = 1,2 andi#] are called satellite Y

branches or weak branches. Taking into accourfgsglsga? A which is a complex stripe - well
only the strong branches, we obtain ten branches L ¢ _ :
also called wave numbers which can be expresse From/=3161.9 A t0/=3248.9A we have a

: - superposition of the two branch@sandP,
as a function of the energy of the initial statel an _ =
the final state level&9: - From/=3248.9A t01=3331A we have only

the branches P. It may be noted in that figure that
the rotational stripe of the branchesre very low
compared to the rest of the spectrum.

The lines strengths also called transitionin contrast, the rotational stripes of the brancQes

probabilities depend essentially on the quantunrepresent a major proportion of total rotational
number of rotationJ and the coupling constaat  stripes of OH radical.

3.2.The lines strengths

S. Ouoba et al 24
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4.2 Influence of the rotational temperature P which are nonexistent fofr = 3000 K and for

wavelengths/> 3260 A but become visible for
Figure 2 is formed by the superposition of three Tr = 5000 K and relatively large fofr = 7000 K.
simulated spectra normalized relatively to the head®ne of the important points is that the head of the
of the bandQ with three values of rotational band R is very sensitive to the temperature of
temperature i.€Tr=3000 K, 5000 K, 7000 K and for rotation and can therefore serve as thermometer to

DX=1. evaluate the temperature of rotation.
We can see that when the rotational tempegratur

varies, the intensity of the head of the baRd

normalized relatively to the intensity of the hesd  4.3.Influence of device profileDX

the bandQ varies greatly. The rest of the spectrum

varies also and some non-existent stripes at low The half - widttDX to 1/e of height of the device
temperatures become important with increasingdf Gaussian profile is an important parameter for
temperature as for example the stripes of the brancthe simulation.

Table 1: Molecular constants GE—2r.

Constants B D R a h
State’X 16.961 0.00204 0.1122 - -
State’n 18.515 0.00187 - -7.547 0.0417

1.2
Head Q ——Branch R
S 1
2 0.8 |Head R ——Branches R+Q
_g ’ —— Branches R+Q+P
Q0.6 1 \
= \ —Branches Q+P
% 0.4 1|l ‘ ——Branch P
S i
0 r l “l“u ﬂl lﬂ “ “ A AN A AAS Abos aa FTY ’
3064 3114 3164 3214 3264 3314
Wavelengths (Angstréms)
Figure 1: Simulated spectrum fdr,=4000K andDX=1/3.
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Figure 2: Superposition of three simulated spectra for thoégtional temperatures.
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Figure 3: Superposition of three simulated spectra for thedees oDX.

Figure 3 is formed by the superposition of three relative intensities of the thermometric and
spectra obtained for the same temperafure 4000 rotational stripes. This method was successfully
K and for three values @X (DX = 1/3,DX =1 and  used by Koulidiati*” to evaluate the temperatures
DX = 2). We can see that when the value of theof rotation of CH and € Considering therefore the
device profileDX is higher, the resolution of the intensity of thermometer rotational strifewe can
spectrum is smaller because some recoveries casbtain the following relation:
occur when the device function becomes important.

IndeedDX allows us to define a level of spectral . (UV:\  rer )
resolution by scanning the spectral band in ann<_>__k_n~
interval of given wavelengths in order to integrate

the intensities of all the stripes which have theirwhere h is called Planck's constank is the
wavelengths in this interval. The representation oBoltzmann's constant ardis the velocity of light.
the integrated intensities of the stripes as atfonc  The intensityi’.”. is measured, the lines strengths
of wavelength gives an ideal spectrum. That is wh v
the rotational structure of the spectrum is destdoy
whenDX is increasing.

13
Sy (13)

ysj,],. and the high rotational energies lef#(J) are
calculated. The expressing of energies levels is

given by:
4.4. Determination of the rotational  p1y = gy + 1) (14)
temperatures by comparing simulated
spectra and experimental spectra Three spectra experimentally validatddg(res 4,

5 and 6) obtained for three rotational temperatures
We use in this section the Boltzmann method tthave been selected for the validation of our

determine the rotational temperatures using the simulation model®.
1.2 1
1 -

0.8 1

°‘2)|l|fﬂ! «*

Normalized units (/)
o
@)

3064 3114 3164 3214 3264 3314
Wavelengths (Angstréms)

Figure 4: Literature data of the spectrum of the OH-radicalfr=500 K¢,
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Figure 5: Literature data of the spectrum of the OH-radiocallr=1000 K¢,

For the spectra ofFigures 4, 5 and 6, the method based on Cavity Ring-Down laser
Boltzmann graphs are obtained using the simulatiofspectroscopy (CRDS) to measure the OH
model. The linearity of the curveBiQure 7) shows concentration profile has allowed to measure the
that the populations of rotational levels of OH rotational temperature with an uncertainty
follow a distribution of Boltzmann and then we can AT=+30 K *¥ that is in good agreement with the
define a temperature of rotatiffl. The use of the order of magnitude of uncertainties that we have
numerical model, by superposing numericalobtained in this work.
spectrum and experimental spectrum, allows us t&or all the three theoretical spectra of OH studied
determine the temperatures of rotatiofable 2  the use of our numerical model allows to obtain an
presents the theoretical results about the rotatioexpression for the rotational temperatdie given
temperatures compared to the results of our model.by:

T = hc
We can note that the results of the simulation hode '~ *tane
are in good agreement with the results of the _
literature. The three values of temperature ard'N€reé¢is the value of the angle formed by the
Tr=524 K. Tr=1027 K andTr=2965 K and the straight line of Boltzmann with the horizontal line
relative uncertainties for these three values ofl NS relation hlz%s already been obtained by Lavrov
temperature are respectively 4.8%, 2.7% andnd OtorbaeV'” for other molecules conflrmmg.
1.17%. The average uncertainty for the three valued@t our model can be used to determine, with

of rotational temperature i§T=+28.67 K. Another reasonable uncertainties, the rotational tempegstur
of OH in the range of wavelengths studied.

(15)
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Figure 6: Literature data of the spectrum of the OH-radicalTr=3000 K.
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Figure 7: Determination of the rotational temperatures bygisi numerical model.

Table 2: Comparison of rotational temperatures.

Results of literature *® Results of numerical model
(This work)
Tr=500 K Tr=524 K
Tr=1000 K Tr=1027 K
Tr=3000 K Tr=2965 K
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