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Résumé. 2014 Les spectres de la branche Q de N2 pur sont enregistrés par spectroscopie Raman stimulée à haute
résolution dans le domaine de pression 0,25-1,9 atm. et dans le domaine de température 295-1 310 K. La non-
additivité des composantes Q(J) due au recouvrement des raies, se produisant pour les plus fortes pressions explo-
rées, est soigneusement prise en compte. Une excellente reproduction du profil enregistré est ainsi obtenue à chaque
pression, ce qui conduit bien à une dépendance linéaire en densité des largeurs de raie. Un calcul semi-classique des
coefficients d’élargissement des raies conduit à des valeurs en bon accord avec l’ensemble des valeurs mesurées.
Ce calcul est étendu à des valeurs de J plus grandes et à des températures plus élevées (jusqu’à 2 500 K). Enfin,
un modèle phénoménologique simple basé sur une loi polynomiale, en puissance inverse des écarts d’ énergie, pour
les taux de transfert d’énergie rotationnelle est utilisé pour déduire les largeurs de raie à haute température. Les
largeurs ainsi obtenues sont comparées à celles calculées 03B1 priori.

Abstract. 2014 Self broadened N2 Q-branch spectra are measured by high resolution stimulated Raman spectroscopy
in the pressure region 0.25-1.9 atm. and in the temperature range 295-1310 K. Non additivity of the Q(J) compo-
nents due to line overlap arising in the highest pressure range explored is carefully taken into account. Excellent
fit of the whole spectra is thus obtained for each pressure with linearly density-dependent line widths. Semi-classical
calculations of the line broadening coefficients lead to consistent values with all the measured ones. These calcu-
lations are extended to higher J values and to higher temperatures (up to 2 500 K). At last, a simple phenome-
nological model based on a polynomial inverse energy gap law for the rotational energy transfer rates is used to
predict high temperature line widths. These predicted line widths are compared with those calculated 03B1 priori.
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1. Introduction.

Laser Raman diagnostic techniques (CARS, SRS,
RIKES) offer the possibility of carrying out tempe-
rature and concentration measurements for non-

intrusive study of gases and reactive media (plasma,
flames, etc.) [1-3]. The rotational and vibrational
Raman spectra of simple molecules such as N2 are
thus often used for temperature and pressure deter-

mination. These studies require the extraction of
line intensity and line shape informations from the
experimental spectrum. In order to deduce from

experimental data information about temperature
and pressure, it is necessary to know the dependence
of line parameters on these factors. Moreover, for
accurate determination, the theoretical profile used
in the fit plays an important role. Widths of N2
Q-branch lines at room temperature and methane
flame conditions have been explored by different
authors [4-7]. In this paper, we report the dependence
on the rotational quantum number J and on the
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temperature, of the collisional broadening coefficient
for Q (J) branch lines in pure N2, in the pressure
range 0.25 - 1.9 atm and temperature range 295-
1310 K. Experimental data were collected and com-
pared with the results of theoretical calculations.
With regard to the collection of experimental data,
stimulated Raman spectroscopy presents a great
advantage over other optical methods. In particular,
the signal is proportional to the imaginary part of
the third order nonlinear susceptibility and therefore
proportional to the spontaneous Raman signal. As
a consequence the profiles are quite similar, without
lineshape distortion [8].
The spectra have been recorded with inverse Raman

spectroscopy (Fig. 1), which provides high resolution
(about 1 x 10-3 cm-1 HWHM) and good detecti-
vity. The experimental apparatus is described in
section 2.1. The analysis of the spectra (Sect 2.2)
is based on least squares fitting procedures of Voigt [9]
and Rosenkranz [10] profiles. The latter is used to
take line mixing into account.

Experimental conditions in cells do not allow one
to explore a sufficient number of lines and to attain
highest temperatures for practical applications. More-
over the line broadening coefficients deduced from the
measurements in flames are inaccurate due to the

presence of various impurities ([6], H20, C02). So,
particular interest lies in calculating the line widths
a priori. These calculated values may be confronted
with cell measurements and extended to higher rota-
tional lines and higher temperatures.

Semi-classical line widths calculations based on a
non perturbative approach and using realistic tra-

jectories are presented in section 3. Calculated values
are compared with experimental ones and their

dependence vs. J number and temperature is dis-
cussed.

Since, even at atmospheric pressure, the isotropic
Q branch exhibits collisional narrowing, a study of
the line coupling effects is needed. A model from a
polynomial energy gap law of the line coupling
coefficients is proposed (Sect 4). The resulting line
widths for high temperatures are then compared
with the values calculated priori.

Fig. 1. - Inverse Raman process.

2. Experimental study.

2.1 APPARATUS. 2013 The inverse Raman spectrometer
has been described previously [11]. Beams from a
pulsed pump laser and a single mode c. w. probe
laser (argon ion laser) are overlapped at a common
focus in the gas sample (Fig 2). The pulsed pump
laser is obtained by amplifying a tunable single mode
dye laser in four dye amplifiers pumped by a frequency-
doubled Nd : Yag laser. The Raman loss signal is
detected on the probe laser beam by a photodiode,
amplified and stored in a data acquisition system.
The argon ion laser is actively stabilized with a
Fabry-Perot interferometer and therefore has a nar-
row line width (about 1 MHz). The Raman spectra
are recorded by scanning the dye laser over a range
of about 1 cm-1. For temperature dependence mea-
surements the gas cell is introduced in an electric oven.

2.2 SPECTRA ANALYSIS. - The analysis is based on an
iterative least squares fitting procedure of line profiles
in which some of the line parameters are fixed in
order to reduce their correlation. The frequencies
and intensities of Q(J) lines are calculated with the
following expressions :

In equation (2), the J-dependence of the isotropic
polarizability oc has been disregarded (cf Ref. [12]);
k is Boltzmann’s constant and gNS the statistical
nuclear weight which is equal to 6 for even J and 3
for odd J. vo and (Bi - Bo) are taken equal to the
values of reference [13] : vo = 2 329.917 cm-1, B,
- Bo = - 0.017384 em -1, T is the measured tem-
perature. Since it is important to accurately know
the baseline, the latter is measured for each experi-
mental condition by evacuating the gas cell.

Fig. 2. - Inverse Raman experimental apparatus.
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The adjusted parameters are the overall scale
intensity factor, the collisional line widths for each
J value and, if necessary, the line mixing coefficients
defined below in the Rosenkranz profile [10].
2. 2. l. Profile for isolated lines. - We have to use a
profile which takes into account the three main

broadening sources : experimental apparatus func-
tion, Doppler effect and collisions. In fact, the expe-
rimental function width estimated to be about 1 x
10-3 cm-1 (HWHM) [11], can be neglected. The
line shape including the Doppler effect and the colli-
sions is the well known Voigt profile [9], convolution
product of both line shapes, respectively Gaussian
and Lorentzian for Doppler and collisional broade-
ning. The Lorentzian shape arises from the impact
approximation [14].
The Voigt profile is correct at low pressure, but

when the pressure increases, the Doppler width is
reduced through the Dicke narrowing [15]. In order
to account for this phenomenon, a Galatry profile
can be used [16], as recently shown in N2 backward
scattering [17]. However, in our forward scattering
experiment, the Doppler width is small compared to
the collisional width. Furthermore, the Dicke nar-
rowing and the signal-to-noise ratio become smaller
at high temperature [17]. Consequently, it is not
useful to introduce a Galatry profile.
2.2.2. Profile for overlapped lines. - A problem
appears when the pressure leads to significant line
overlap (from P = 0.5 atm at room temperature
for N2)’ It then becomes very difficult to fit a super-
position of Voigt line shapes to the experimental
spectra (Fig. 3b). This non additivity results from line
mixing and is responsible for collisional narrowing
observed in some molecules (HD [18], C02 [19],
N20 [20], N2 [21, 22]).
The intensity observed for isotropic Raman scat-

tering is proportional to the following expression
[14, 23] :

where N is the density of molecules and P the pressure
(in atm), La the Liouville operator and 3d the relaxa-
tion matrix. The diagonal elements AJJ are related
to the halfwidth yj by :

The off-diagonal elements Aj,j express line mixing.
The line shift proportional to ReAjj is small and
will be neglected (as well as ReAj,j). For a given
model for the off-diagonal elements Aj,j, one could
calculate the profile by inversion of the matrix (co -

La - PA).
From a perturbation expansion in powers of the

pressure, Rosenkranz has derived an expression for

Fig. 3. - Least-squares Rosenkranz (a) and Voigt (b) profile
fit (solid line) to the experimental spectrum (points) for the
band head of self perturbed N2 molecule at T = 295 K
and P = 965 torr. The residual spectrum is the difference
between experimental and fitted profiles.

I(w) in the case of small overlap [10], and Rosasco
has applied this expression to the Raman scattering [7]

where

and 6)j is the line frequency. The line mixing is expres-
sed through the coefficient YJ, which is a new adjus-
table parameter. Figure 3a shows a good agreement
between the fitted Rosenkranz-like profile and the
experimental one, in contrast to the Voigt profile
case (Fig. 3b). The Yj components deduced from
such a fit have been listed in table I and compared,
at room temperature, to those determined previously
by Rosasco et ale [7].
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Table I. - Y J (in atm-1) line mixing coefficient at
various temperatures.

2. 3 RESULTS. - From the above considerations, we
have selected the following profile for the fitting pro-
cedure depending on the temperature and pressure
range :

Results are shown in figure 4. For each Q(J) line and
each temperature, the broadening is measured by
applying a linear regression. Figure 5 shows the so
obtained excellent linear dependence of the line

broadening coefficient at room temperature.

3. The calculated J and T dependence of line widths.

Anderson-like theories [24, 25] of infrared and Raman
line broadening based on a perturbative approach
and using a long range multipolar potential are

inadequate for high temperatures. Indeed, close
collisions play an increasing role as temperature
increases and these close collisions are roughly taken
into account through a cut-off procedure. This is

physically reasonable only if the cut-off parameter
is significantly larger than the kinetic diameter, which
is not precisely the case for high temperature.

Non-perturbative semi-classical theories have been
proposed as well for atomic perturbers [26] as for mole-
cular ones [27]. In the latter case the resummation of
the infinite order series of the S matrix elements is less
accurate than for atomic perturbers but resonant rota-
tional energy transfers are well taken into account.

Applications of this theory to the calculation of the
infrared line broadening coefficients for various mole-
cular systems such as CO [27, 28], CO2 [29], N20 [30,
31] selfperturbed and perturbed by N2 and 02 have
been recently performed. For all rotational lines for
which semi-classical theories apply, fairly good agree-
ment was obtained with experimental data for a
large range of temperatures.
The main features of this theory [27] are the non-

perturbative treatment of the S matrix elements

through the use of the linked cluster theorem and a
convenient. description of the classical trajectories as

Fig. 4. - Measured (points) and calculated (solid line)
collisional broadening coefficient as a function of J for each
explored temperature.

Fig. 5. - Collisional half-width of N2 Q(8) line versus

pressure at T = 295 K. The slope of the least-squares
straight line is the collisional broadening coefficient

(y(8) = 46.9 mk/atm.).

well for large impact parameters as for the closest
approach. Moreover the angular anisotropic part
of the intermolecular potential is described by an
atom-atom pairwise additive Lennard-Jones potential
supplemented with the electrostatic interaction. Con-
sequently the parameters characterizing the N2 - N2
interaction potential energy in this empirical model
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are the quadrupole moment (Q = -1.4 x 1 O- 26 e. s.u. ;
cf Ref [32]), the equilibrium interatomic distance
rNN = 1.097685 A [35] and the energy parameters for
the attractive and repulsive atom-atom contributions
(eNN = 0.25 x 10-’o erg A6 and dNN = 0.29 x 10-’
erg. A12).
These values for eNN and dNN are derived from an

experimental study of the temperature dependence of
the second virial coefficients [36]. Starting from an
analysis of the uncertainties, the authors of this study
have proposed three sets of such parameters for the
N-N interaction. The above set of atom-atom para-
meters has been retained because they give better
overall agreement of the calculated line widths with
the experimental data of section 2. 3. Let us mention
that the other two sets lead calculated line width
values which are close but systematically higher by
around ten per cent.
The parameter set (Q, rNN, eNN and dNN) completely

determine the used potential surface. The calculation
of trajectories necessitates the knowledge of the

N2-N2 isotropic potential. It has been determined by
fitting the spherically averaged atom-atom potential
by a molecular Lennard-Jones form (cf Ref [27]).
The deduced constants (a = 0. 37 3 nm and 8=0.807 kJ
mol-1) are consistent with accurate theoretical and
experimental data [37].
The calculated line width values (HWHM) are

compared with those measured in figure 4. Let us
note that the experimental curve yj(T) vs. J exhibits
a marked hump around J - 9 for T = 295 K. This
hump is less pronounced at 600 K and shifted towards
higher J values (J - 11 - 13). It disappears for

higher temperatures. The presence of these humps is
easily understood from the consideration of resonance
effects [38] in the population rotational transfers.
Indeed this resonance takes place for N2-N2 near
the most populated rotational levels Jmp. These
levels are Jmp - 6 - 8 at 295 K and Jmp - 8 - 12
at 600 K. For increasing temperatures the spread of
population makes this resonance process less and
less localized with respect to J.
The good agreement obtained between calculated

and measured line widths is verified over a great
number of rotational lines and a large temperature
range (Fig. 4). This allows us to extend the explored
domain (J, T) by means of a calculation. The cor-
responding results are presented in table II.
The upper J value (Jmax) retained for the calcula-

tion has been chosen, for each considered tempera-
ture, such that the population of this level Jmax is

higher than 5 x 10-3 of the total population. Let
us note that such a criterion is consistent with the
limit of validity of a semi-classical calculation.
Indeed, for the lowest considered temperature (295 K),
the energy defect in the rotational transfer by colli-
sions J Max = 22 - J’ = 20 and J2 = Jmp - 6 - 8
J’ - 8 - 10 (where Jmp is the most populated
level) is lower than the kinetic energy. This ratio is

nevertheless of the order of 0.5. This explains the fact
that for the highest calculated Q(J) line widths at
T = 295 K the limit of validity is reached and the
calculated values are underestimated for 18 &#x3E; J &#x3E;, 22.
Let us note that for higher temperatures, the crite-
rion becomes less stringent and the semi-classical
calculations are more accurate, even for J - Jmax.
So, for T = 600 K, Jmex = 30, Jmp = 8 - 12 and the
above mentioned ratio is about 1/4.
The calculated temperature dependence y,a"(T)

for some lines is shown in figure 6. It is useful for

practical reasons [39-41] to fit these curves yJcalc(T)
by the simple analytical law :

where, in the general case, the J dependence of the
exponent N is neglected. The calculated N(J) values
from equation (4) have been gathered in table III. It
clearly shows that the variations of N vs. J is too
large to reasonably deduce a single exponent law.
In addition this table shows, as previously discussed
in reference [28], that simple models based on purely
resonant rotational transfers and only considering a
single anisotropic potential contribution are too

crude to predict the temperature dependence of line
widths in a large (J, T) domain.

In section 2.3 and 3, a large set of experimental
and theoretical line widths for all the Q(J) compo-
nents has been obtained in a very large range of
temperatures (up to 2 500 K). It allows us to inves-
tigate the line mixing effects by using a rotational
relaxation model.

4. Line coupling model from line broadening coeffi-
cients.

As mentioned in section 2.2, significant overlap of
Q(J) lines arises in the band head (low J levels) for
p Z 0.5 atm. These overlapping effects and conco-
mitant cross-correlations [14, 42] result in non-

additivity of these Q(J) lines which is well-known as
the motional narrowing for densities such that the

Fig. 6. - Calculated temperature dependence for some
Q(J) lines.
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Table II. - Line broadening coefficients (in mK/atm) (yjXP and DyJxp : measured value for the J line and the cor-

responding uncertainty (99 % confidence limit); yJ measured value from [7] ; yJ : a priori calculated value ;ymod : calculated value from the phenomenological model of equations (8) and (11) through Eq. (9)).
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Table III. - Temperature exponent N(J) for some
Q(J) lines. (Let us recall that for high J values (J = 22
and 32) the calculated line widths are underestimated
at low temperatures and a higher reference temperature
is required).

Q band becomes unresolved [18, 43]. Particular
interest lies in a modelling of the Q(J) lines coupling
in a large temperature range. Such a model would
allow one to calculate the stimulated or spontaneous
isotropic Raman band profile whatever the density,
in the range of validity of binary interactions (i.e.
lower than one hundred Amagat units for N2). The
a priori calculation of all the inelastic rotational
matrix elements, on the same basis as the diagonal
ones (cf Sect 3) is unrealistic due to the very large
number of levels populated at high temperatures. In
the experimental study of section 2, only low pres-
sures were investigated (p  1.9 atm). So, the sim-
plified Rosenkranz model [10] used with the assump-
tion that line broadening is lower than line spacing
is approximately justified. For higher pressures, such
an approximation becomes unsuitable and the matrix
inversion involved in equation (3) is needed [44]. An
alternate approach to describe the resultant collapse
due to the line coupling is to use the rotational diffu-
sion model [45-47]. Nevertheless, the range of appli-
cability of this model over density and temperature
remains limited. The limits depend on the required
degree of accuracy. Recently, several simple pheno-
menological models for predicting off-diagonal matrix
elements Aj,j from the fitting laws for rotationally
inelastic collisions [48] have been proposed. These
models give more or less satisfactory agreements
with experiment. Reasonable results have been obtain-
ed from exponential gap laws [22, 49], statistical

power gap laws [7, 50] or hybrid exponential-power
gap laws [44] in the range 300-2 000 K, 1-100 atm.
An improved version of the polynomial inverse energy
gap law has been recently proposed by Greenhalgh
and coworkers [51]. We have adopted their model :

In equation (8) A, co, ..., c’max are coefficients to be
determined and Tref is the reference temperature.

Such an expression satisfies the detailed balance
principle (pj AJIJ = pj, Ajj,). The unitarity of the
S matrix leads to an exact relation for the isotropic
Q band between diagonal and off-diagonal matrix
elements [52] :

This equation together with equation (8) allows the
determination of the A and { c, } coefficients if suffi-
cient information is available on the J and T depen-
dence of the line widths.
The previous study [51] following this procedure

was based only on N2 line widths measurements at
room temperature in cell [7] and in the post flame
gases of a methane-air flat flame at T = 1730 K [6].
This flame contained a significant amount of foreign
perturbers (- 20 % of H20 and - 10 % of C02).
Such perturbers are particularly efficient at inducing
rotational transfers by collisions [53, 29]. So, even
minor H20 and C02 components add important
contributions to the broadening.

This fact may be verified by comparing the experi-
mental data in flame with the present calculated self
broadening coefficients yj (T = 1730 K). Indeed,
the measured values [6] vary from 18.4 mK for J = 2
to 11 mK for J = 45. These values are to be compared
respectively to 15.7 and 9.8 mK (cf Table II).
The present measured and calculated line widths

constitute a new set of coherent and reliable data in
a large (J, T) domain. Thus, we have reestimated
the A and {cl} coefficients of equation (8) starting
from all the measured values of table II supplemented
by calculated values for higher J levels (up to Jmax)’
The optimization procedure is similar to that pro-
posed in reference [51], our least squares criterion
is to minimize the following quantity : 

In equation (10), the temperatures considered are :
T1=295K, T2=600K, T3=940K, T4 =1310 K
with the corresponding J.. values : Jm..(TI) = 22,
Jmax(T2) = 30, Jmax(T3) = 38, Jmax(T4) = 44. More-
over PJ(Ti) (i = 1, ..., 4) is the weighting coefficient
chosen as [å1’J(Ti)]-2 where Ayj(Ti) is the experi-
mental uncertainty (cf. caption Table II) for each
measured yj(T,) value and Max {Ayj }T, for the
calculated ones, at each temperature Ti. This choice
reduces the relative importance of the calculated
values in the determination of the set of coefficients A
and {cl} . Let us note that for N2, the J’ summation
in equation (9) is over either even or odd values,
and the fractional populations must also be calcu-
lated using parity-separated rotational partition func-
tion. On increasing the degree of the polynomial in
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equation (8) above to lmax = 5 we do not improve
the convergence of the fitted values to the experimental
ones.

We have obtained the following set of coefficients
(for Tref = 295 K) :

and

This set is different from that found previously [51].
This is easily understood from the above discussion
concerning the nature of the input data and the fact
that significant correlation exists between the various
coefficients of this set. The quality of the fit is shown
in figure 7.
A possible test of the consistency of the above

phenomenological model (Eqs. (8) and (9)) with the
parameters given in equation (11) is to deduce line
width values Y7od(Ti) for higher temperatures and to
compare them to those calculated a priori calculated.
Such a comparison is made in table II.

5. Conclusion.

The present experimental and theoretical study has
allowed us to obtain a precise set of individual line
widths for the isotropic Q branch of pure nitrogen.
The dependence of these line widths on rotational
states and temperature covers a very large domain
never attained until now. This set of line width
values contains much information on the J and T
dependence of the inelastic rotational cross-sections.

Fig. 7. - Comparison between the resulting values from
the phenomenological model (Eqs. (8), (9) and (11)) and the
input (measured and calculated) line broadening coefficients.

So, a reliable model for rotational relaxation has been
deduced. This model allows the predictive synthe-
tization of the whole band profile for pressures higher
than atmospheric pressure when the line mixing
becomes crucial. Such a study will be presented in
a further publication.
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