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Abstract. We have determined the temperature from SRS
spectra of N,-N,, N,—CO,, 0,-0,, and CO,—CQ, recorded
In wide pressure and temperature ranges. The fitting pro-
cedure takes simultaneously into account the Dicke effect
and motional narrowing. We have quantified the accuracy
of the MEG and ECS-P models for rotational relaxation.
The temperature extracted from each model is compared
with thermocouple measurements. The influence of vibra-
tional broadening and shifting is discussed in detail.

PACS: 33.70, 42.65.Dr

Modem optical techniques like coherent anti-Stokes Raman
spectroscopy (CARS) or stimulated Raman spectroscopy
(SRS) have been proven to be effective for temperature
measurement in real combustion environments [1]. Whereas
CARS has demonstrated its usefulness in many applications,
SRS has been especially used for fundamental studies [2].
These fundamental studies are devoted to the determination
of line broadening and line shifting coefficients over a wide
temperature range and to the study of interference effects for
overlapping lines. Self collisions and collisions with minor
species define the ()-branch profile for the probe molecule.
The main collisional systems investigated up to now are
N,—N, [3-13}, N,~-CO, [14], N,-H,0 [15], N,—CO,-H,0
[16], O,—0,, O,~N, (17,18}, CO,—CO, [19,20], and CO-
CO [21,22]. Among these collisional systems, we have been
particularly interested in N,-N,, N,-CO,, 0,~0,, and CO,—
CO,. The Q-branch Raman spectra have been recorded with
the high-resolution stimulated Raman spectrometer devel-
oped at Dijon a few years ago [3, 4, 6]. The main charac-
teristics of this laser spectrometer are, first, its high spectral
resolution (2.3 x 1073 cm™1), and second, its accurate abso-
lute frequency calibration (better than 1073 cm™1) [23]. An-
other characteristic is the absence of the nonresonant part of
the Raman signal, since the stimulated Raman process only
depends on the imaginary part of the susceptibility. We
have taken advantage of these properties for developing
and testing different models describing rotational relaxation

rates, by comparison between calculated spectra and SRS
experimental data over a wide density range. Among these
models, we have focused our attention on the MEG law
[7] used in practical applications and on the ECS-P law
[9] which has a more physical background. The nonlinear
susceptibility gives a spectral shape which depends on
pressure and temperature. The synthetic shape depends on
modeling of the rotational relaxation rates and consequently
measurements of medium properties will also depend on the
mode! used for these relaxation rates.

In our previous studies [9, 11, 14, 17-20], we have com-
pared the MEG and ECS-P models and we have given promi-
nence to their different behavior for modeling of line broad-
ening coefficient and collisional line narrowing in the Q-
branch. The main goal of this report is to explicitly test
the accuracy of these models for the temperature determi-
nation. So, we have developed a computer routine which
allows us to fit the temperature in wide pressure and tem-
perature ranges, which works for a mixture of several gases
and which takes simultaneously into account the Dicke effect
and motional narrowing. The temperature is fit to SRS Q-
branches recorded in a temperature-controlled cell equipped
with a thermocouple. A large part of the data comes from
previous studies, except for pure nitrogen, for which a spec-
trum at 730K has been especially recorded for this work,
and also except for spectra of N,-N, at 140K and CO,-
CO, at temperatures above 500K (unpublished results). We
have not tried to modify the models to obtain the exact tem-
perature, our aim being to quantify the precision of each
simple model for temperature fit from a more physical point
of view. Many studies have been reported up to now in
CARS thermometry ([24-28], and references therein), show-
ing that several precautions should be taken in order to avoid
systematic errors in the determination of the temperature.
Among the parameters which may induce systematic errors
let us note the nonresonant third-order susceptibility XE?\I)R)’
the absolute frequency calibration, the spectral dispersion of
the detection system, cross coherence effects between ele-
mentary CARS polarizations when a multimode pump laser
source is used, nonlinearities in the response of intensified
diode array detectors, effects of finite pump-laser bandwidth,
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and instrumental resolution. Most of these parameters have
been found to lead to significant temperature errors if not
correctly included in the temperature fit. Taking XI(\?I){ as a
fitting parameter may lead to good agreement between cal-
culated and experimental spectra but may yield an incorrect
temperature. All these difficulties are avoided with our SRS
spectrometer with a scanning technique and consequently
the determination of the temperature essentially results from
the relaxation matrix modeling. For all collisional systems
considere here, a few spectra have been recorded at very
low pressure (about 1 Torr) for which we have not observed
the effect of Stark broadening. So we estimate that fitting
temperature to observed SRS spectra and comparison with
thermocouple reading is a critical test of the rate laws.

1 High Temperature Furnace

The pump and probe lasers were focused using a 380 mm
focal-length lens to a waist diameter of about 100 im inside
a windowed cell introduced in an electric oven. For spectra
recorded at pressures below 2bar, the Raman cell was a
cylindrical quartz cell with optical Brewster windows. At
pressures greater than 2 bar, a stainless steel cell equipped
with sapphire windows was used. The furnace is capable
of operating up to 1350K. A crossed-beam configuration
was used to avoid possible spurious signals arising from
air components. The interaction length was estimated to
be approximately 10mm and is very small compared to
the 400mm length of the oven. The focal region was
located at the longitudinal center of the electric oven.
The longitudinal temperature gradient was negligible in the
interaction volume, Temperature control and stabilization
in the furnace was provided by a K-type thermocouple
connected with a microprocessor to control the heating
current. Special attention was given to the arrangement of
the thermocouple and the interaction zone of the lasers,
so that the measurement point was less than 10 mm away
from the focal region. Temperature fluctuations about the
mean are quoted by the manufacturer as being under 2K.
Temperature stabilization was performed with a precision
of 1K. The precision of temperature measurements in the
interaction volume is estimated to be better than 2%.

2 Theoretical Background

The theory of stimulated Raman spectroscopy has been
discussed in a great number of review articles (see for
example [2]), so only the key aspects for temperature fit
will be presented here. The SRS signal comes from the
third-order nonlinear susceptibility x®. Neglecting Doppler
broadening and taking into account motional narrowing
which occurs for overlapping lines in the isotropic -branch,
an expression for x® can be derived as [1]

3 3 m _ )
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where the matrix G is defined as
Gy w) =ilw— Wiy wgt — Ny + i, 1)
X6J =D+ =6 = DngWy;. (2

In (1) and (2), n, is the density of optically active molecules,
XE;)R) is the nonresonant susceptibility, v is the vibrational

quantum number of the lower state, & is the isotropic
part of the polarizability tensor, AQE?})J) = QE?])J) — ggg)ﬂ) J
refers to the difference of number density of population be-
tween the initial and final states at equilibrium temperature,
Wept1)g7 g denotes the Q(J') line position for an isolated
molecule, ng is the number density of perturbers, &,/ is
the density shift of the Q(J') line, v, is the line broad-
ening coefficient of the Q(J') line, W, ; is the rotational
energy transfer from J to J', and 8(J’ — J) is the Kronecker
delta function. Wy 7,7, 5,6, are assumed v-independent
and the effect of the imaginary part of W ; is considered
as negligible. Let us note that for a mixture of n gases W ;
can be written as

Wy =Yz, W,(l—3)), 3)

j=1

where z, is the mole fraction of gas j, and W ;(1 — 7)
denotes the relaxation matrix for the (1 — j) binary system.
Similar equations apply 1o 6, ;, and 7, ;. The rotational de-
pendence of the collisional shift §, ;; being not clearly dis-
played experimentally, &, ;/ is assumed to be J'-independent
(6,5 =2 6,). So b, can be factored out and applied as an
overall frequency shift of the whole ¢)-branch. By explicitly
taking into account the pure vibrational dephasing ,,, the
line broadening coefficients can be expressed as

,YuJ = ’YJ + ,Y'u H (4)

where v; = — > W, is the rotational inelastic broaden-
ST

ing. AQE?)) 7 are calculated from the Boltzmann distribution.

In order to have an efficient method for fitting the

temperature, (1) and (2) are transformed into matrix notation
[19, 20, 29].

> A, Grw) = 1AL1G 1] )
JJ!

with G = iwl + K, where [1] is a column vector whose
elements are all equal to one. We may then diagonalize K
and define a new matrix

H=A""[11[40A, (6)

where A is the matrix of eigenvectors.
By defining hY as the diagonal elements of H and A% as
the eigenvalues of K, (1) becomes

3 3 in _
XE’U{U—H)(L‘)) = XEN)R) = ?1 Z |(v]@|v + 1)
77

hy
g . 7
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At high temperature, several vibrational levels are populated.
By assuming that coupling between vibrational bands is
negligible, the resultant x®(w) is just a sum over each
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vibrational isolated band

XPw) =Y %8 oy w). ®)

By developing the complex values A% and A into real and
imaginary parts,
hy=py+igy, Ay=17-iwjy, 9
and recalling that the SRS signal is proportional to
Im x®(w), we obtain

S@ =2 3 Iwlah+ 1P

PuI3 + g5 —w?) "
XE; T3P+ (@ —wh? 10

In the general formalism described above Doppler broaden-
ing has been neglected, which is not a realistic approxima-
tion when collisional narrowing appears at low density such
as for the v, band of CO, [20]. Let us also recall that Dicke
narrowing leads to a reduction of the Doppler width result-
ing from velocity changing collisions. So, in a few particular
cases, line mixing effects and Dicke narrowing should be si-
multaneously introduced in the lineshape calculation. The
complex Galatry function [30] is an efficient soft-collision
model which accounts for the effect of velocity-changing
collisions and may be confidently used in many cases; its
expression is

0
1
CG(xY, 95, 2) = ﬁ /dT exp {ixfﬂ' —ysT
0

1
+ *22(1 —ZTfeﬁZT):|, (11)
where the new characteristic parameters are
w — wY . 17 Jé]
Ty = 7 L, Yr= ‘/J’ =7
) D B
(12)
8= KT and Ay, = b
2rmD’ D™ Tog2’

In (12), D is the optical diffusion coefficient and ~y, the
Doppler width (HWHM). The variation of D as a function
of pressure and temperature is expressed as

T m
D:Do(f)) % (13)

with usually p,=1atm and 7, =273.15K. D, was taken
from our previous studies [5, 17, 20] and m was fixed
to 1.5, which is the value found in a study of Dicke
narrowing in N, [31]. For the molecules considered here,
Dicke narrowing appears at low pressure when the nonlinear
pressure dependence of the density is negligible, so that
the diffusion coefficient is simply inversely proportional to
pressure.

The bandshape including Dicke and line mixing effects
is then

Se) =7 3 lelalo+ 1P 05 Re{CG@S, 3, 2)
v J

+¢5 Im{CG(zY,yY, 2)}]. (14)
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When the apparatus function is not negligible, a numerical
convolution of S(w) with a Gaussian function with half
width «, is made (y,=1.1 x 1073 cm~! HWHM). In fact,
by fitting some strong isolated lines at low pressure (less
than 10 Torr), we have found that the apparatus function is
not exactly Gaussian, but is better represented by adding
a Lorentzian part (less than 3 x 10~*cm™! HWHM). This
Lorentzian part has a negligible influence in the present
study. The SRS signal can be then calculated whatever
the pressure and temperature, provided that the relaxation
matrix W is completely determined. Due to the difficulties
to measure and/or calculate all W elements, a few simple
models are usually used such as the MEG and ECS-P laws
[11]. For the MEG model, the upward rate of transitions
from J to J' (J' > J) is described as [7]

TN\ N (1+aE,/kT6\*
s (=)= —af — S rany/Rio
W=D a(T) <1+aEJ/kT>

ref

x exp(—BE ;1 ;/kT) (15)

with o, IV, 8, and J the temperature independent parameters,
T a reference temperature, £, = |E ;s — B, the energy
gap, and a, a constant proportional to the duration of a
collision. The ECS-P rate law allows the determination of
all the relaxation matrix elements through the basis rate

constants Wy, [9],

W= 5) = Q@J' + Dexpl(Ey + E )/ kT1025,
J J LY
XZL:<0 0 o>

x QL+ D7 W, (1 - 5) (16)

where J) is the greater of J and J’ and {2 the adiabatic
factor calculated from the interaction length /.. The basis
rate constants are

Wor(1 — 5) = = Ag(T/Toop) N L(L + 1)) 77 (17)

The rate-law parameters (N, a, 3, ...) depend on the colli-
sional binary system and are taken from our previous studies
[8,9, 11, 14, 17, 19].

The computer routine that we have developed allows us to
fit the pressure and temperature and three other parameters
which are an overall intensity scale factor A, a constant
baseline offset B and an overall frequency shift A. The
relative Raman intensity is then

+o0
Hm=B+AL/&%+A)
X exp ~——~——(w _ w0)2 dw (18)
(v./v/Tog2? O

where S is a function of p and T.

Let us now examine in detail the dependence of the
Raman intensity J(w) versus pressure and temperature. In
(1), AQE?}) -y depends on temperature as the population of the
states is given through the Boltzmann distribution. In (2), the
density of perturbers has been expressed, using the second-
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order virial coefficient B,, by the usual simple expression

A 4B,P\'?
=0 | 1 v
n zBJ +(1+ RT) } (19)
where P is the total pressure in the cell and V}, the molar

volume at STP. B, is obtained with the virial coefficients
B,;; of the (i — j) binary systems [32-34]

n

B, = Z zn: Byijz3;, (20)

i=1 j=1

with B,,; = B, ;, for any (4, 7).

The temperature dependence of the B, coefficients has
been empirically expressed by a polynomial series in powers
of 1/T

lmax

B (1) => a7, 2n
=0

where [, is chosen in order to reproduce the experimental
values of Bm-j(T) within the experimental uncertainties.
The a,;, coefficients are obtained by a least squares fit
to experimental data [32-34]. W, ; and ~; depend on
temperature through the definitions given in (15)-(17). We
have assumed that 6, and -y, are constant when expressed
per unit of density (cm~'amagat~'). That is a correct
approximation for N, and O,, but not valid for CO,, as
shown later. When Doppler broadening is taken into account
explicitly, the 7' dependence is expressed through (11)—(13).
Let us also remark that the diffusion coefficient D is pressure
dependent. If not directly available the virial coefficients and
diffusion coefficients can be obtained from the Lennard-
Jones parameters, in particular for the gas mixtures [32].
Due to the complexity of the problem the partial derivatives
of P and T, which are necessary in the least squares fit, are
calculated numerically.

3 Results and Discussion

Before discussing the results, let us give a few general
aspects of the temperature fit. First of all, the highest
pressure allowed by our procedure is determined by the
limit of validity of (19) and from a more theoretical point of
view by the limit of validity of the impact approximation.
The parameters of the rate laws used are those given in
[9, 11] for N,~N,, [14] for N,—-CO,, [17] for O,-O,, and
[19] for CO,—CO,. The spectroscopic parameters are those
mentioned in the above references. For oxygen and nitrogen
the vibrational broadening <, is negligible in the pressure
range investigated in this study and 0, has been fixed to
the values measured at low densities. For all spectra used in
this study, the precision of the fitted temperature ranges from
1.3 to 3.3% with a typical value of 2% for three times the
standard deviation. This precision does not take into account
the accuracy of the fitting parameters of the models.
Recent studies [11,14] have shown that the calculated
collapsed @-branch would not match very well the experi-
mental data when 6, is fixed to the values obtained at low
density, certainly due to imperfections in the calculation of
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N2-N2 500K

Signal ( arb.u.)

2322, Raman Shift ( em-1 ) 2332.

Fig. 1. @-branch profiles calculated with the MEG model for pure
nitrogen at T'= 500K, P =100bar (—) and P=125bar (---- - - ). The
bottom trace shows the difference between the two spectra

the W matrix and/or to the influence of nonbinary colli-
sions. As an example, a spectrum of pure nitrogen recorded
at P=>50bar and T =295K and calculated with the MEG
law gives a fitted temperature of 365K when §,, is fixed to
—3.5x 1073 cm ! amagat~! (low density value). In order
to compensate for this particularity it is necessary to fit an
overall frequency shift A. In that case we obtain 1, = 320K
instead of 365 K, which is a significant improvement. So, we
conclude that 7" and A should be simultaneously adjusted.
We have also investigated whether pressure and temperature
can be simultaneously determined. When the overlapping
of Q(J) lines is important so that no structure is visible,
a strong correlation between A and p makes the fitting
procedure unstable. Indeed, as shown in Fig. 1, a 25%
variation of pressure leads to a modification of the spectral
shape which looks like an overall frequency shift. So, in
this work, we have been essentially interested in fitting the
temperature.

The results for pure nitrogen are presented in Table 1.
At 140K and 0.98 bar both models give about the same

Table 1. Comparison between fitted temperature and thermocouple
temperature for pure nitrogen with the MEG and ECS-P models and
at various pressures. The numbers in square brackets indicate the
deviation of the deduced temperatures from the reference temperature

Tthcrmocouple p Tﬁ[ [X]
(K] [bar]
MEG ECS-P
140 0.98 132 [—8§] 131 [-9]
295 18.0 323 [+28] 291 [—4]
35.0 314 [+ 19] 268 [— 271
50.0 320 [+ 25] 273 [-22]
100.0 321 [+26] 274 [—21]
506 18.0 526 [+ 20] 482 [ —24]
35.0 524 [+ 18] 459 [ —47]
50.0 537 [+31] 460 [ — 46]
75.0 551 [+45] 474 [ —32]
100.0 533 [+ 27] 445 [—61]
730 18.5 755 [+ 25] 691 [ —39]
1260 1.0 1292 [ +-32] 1240 [ - 20]
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Fig. 2. Nlustration of the ability of the MEG and ECS-P laws to provide
a good spectral line shape by fitting the temperature. The upper trace
gives the experimental SRS data of the isotropic Q-branch for N,—N,
at 506K and 75 bar. The bottom traces display the residual given by
the difference between the data and the calculation (a) with ECS-P and
(b) with MEG

temperature. A too low temperature is found, which can be
easily explained by the fact that the calculated line broad-
ening coefficients at 140K are smaller than the observed
coefficients and by recalling that linewidths increase when
temperature decreases. The discrepancies between the ob-
served and calculated line broadening coefficients at 140K
(about 10%) are essentially due to the use of a very simple
scale factor [(T/1.)~™] for the calculation of the relax-
ation matrix elements. A more sophisticated law should be
necessary to extrapolate the line broadening coefficients at
low temperature (less than 295 K), and also at high temper-
ature (greater than 1500 K). Even so the models can be used
at low temperature and low pressure with relatively good
confidence, a discrepancy of only 8-9K being found. The
results at 295K and 506K and medium pressure show that
the MEG model systematically overestimates the tempera-
ture, whereas the ECS-P model underestimates it. The same
phenomenon is found at 730K and 18.5bar. The results of
the fit at S06 K and 75 bar are shown in Fig. 2 for the two
models. The quality of the fit is better with the MEG model
but the deviation of the fitted temperature from the reference
temperature is larger with this model. As a consequence,
the quality of the agreement between theory and experiment
does not give necessary information on the quality of the
agreement between the fitted temperature and the reference
temperature. Large discrepancies between the two models.

Table 2. Same as Table 1, but for the mixture N,-CO, (30% N,, 70%
CO,)

Tthermocouple p Tﬁt [K]
K1 [bar]
MEG ECS-P
295 53 315 [+20] 300 [+ 5]
14.3 312 [+ 17] 281 [—14]
23.4 321 [ +26] 282 [ - 13]
31.7 333 [+38] 293 [ - 2]
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2325. Raman Shifi ( em-1 ) 2332.
Fig. 3. Same as Fig. 2, but for N,—CO, at 295K and 14.3 bar
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(b) AP
1528.0 Raman Shift ( cm-1 ) 1533.5

Fig. 4. Same as Fig. 2, but for 0,-0, at 1350K and 0.98 bar. The
spectrum ranges in the region of the first hot-band (J =1 to 15) and
includes two lines of the fundamental band (J =39 and 41)

are present, up to 88K at 506 K and 100 bar. At 1260K and
1 bar the fitted temperature is correct for both models what
is not surprising because line mixing becomes negligible and
the line-broadening coefficients are correctly reproduced at
this temperature. In the case of the mixture N,—CO, (Table
2) the results obtained at 295K are similar to those found
for pure nitrogen. Figures 3—4 indicate the quality of agree-
ment between theory and experiment achieved for N,—CO,
at 295K and 14.3 bar, and O,-0, at 1350K and 0.98 bar,
respectively. Figure 4 shows that at low pressure the same
agreement is obtained with the two models. Table 3 gives

Table 3. Same as Table 1, but for pure oxygen

Tthermocouple D Tﬁ[ [K]
K] [bar]
MEG ECS-P
295 21.1 324 [+ 29] 304 [ 4-9]
50.7 288 [~ 7] 257 [ —38]
446 6.4 450 [+4) 449 [+ 3]
176.0 456 [ — 10] 413 [—33]
1350 0.98 1298 [ — 52] 1257 [ — 93]
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a few examples for pure oxygen at three different temper-
atures. For this collisional system the differences between
the models are a little smaller, the ECS-P always giving the
lower temperatures. :

For the CO,—-CO, system, we have made temperature
fits on the spectra of the Fermi dyad »,/2v,. As shown
in [19,20], the collisional frequency shifts of the v, and
2v, Raman bands are different and temperature depen-
dent. In fact, this temperature dependence does not per-
turb the temperature fit if an overall frequency shift A
is adjusted. So, we fixed the collisional frequency shifts
at their mean values in the temperature range 295-900K
[35]: —6.6x 10 3cm~!amagat ™! and —9.5 x 10~ 3¢cm™!
amagat™! for v, and 2v,, respectively. In contrast with the
N, and O, systems discussed before, the vibrational contri-
bution -y, to the linewidth in CO, systems cannot be ne-
glected [19, 20, 35], and its contribution is even prepon-
derant at high pressures (typically above 0.5-1bar for v,
band and above 10-30bar for 21, band, at room tempera-
ture). The order of magnitude of v, in CO,—CO, is about
4 x 103cm ! amagat~!. The main goal of this work being
a critical test of rate laws, the pressure was chosen in a range
where collisional narrowing is crucial. The pressure ranges
at each temperature are listed in Table 4 (2v, band) and Ta-
ble 5 (v, band). The data at 700K and 900K have been
recently recorded [35], whereas those at 295K and 500K
are from [19,20]. At the pressures of recordings used to fit
the temperature, the vibrational linewidth -y, may have an
important contribution to the band shape. The knowledge
of this parameter and its 7" dependence are therefore essen-
tial. For both v, and 2v, bands, accurate values of v, have
been obtained at 295, 500, 700, and 900K [19, 20, 35]. The
values are in the range 2.9-4.3 x 10~ 3cm ™! amagat™! ()
and in the range 3.9-5.6 x 10 3cm~! amagat~! (2u5). The
slight variation with temperature allowed us to consider only
the mean values: 3.5 and 4.6 x 10~ 3cm~! amagat™! for v,

Table 4. Comparison between fitted temperature and thermocouple
temperature for the 2v, band of pure CO, with the MEG and ECS-P
models. The fitted temperature is the averaged value over the pressure
range indicated in the second column. The numbers in parenthesis
represent the scatter of the averaged values

Tihermocouple P T;, [K] average value

(K] [bar]

MEG ECS-P
295 02-22 337(13) [+42] 309(7) [+ 14]
500 0.4-3.7 537(49) [+ 37] 493(29) [ 7]
700 31-9.1 817(18) [+ 117] 707(19) [+ 7]
900 3.0-14.7 1036(61) [+ 136] 912(25) [+ 12]

Table 5. Same as Table 1, but for the v; band of pure CO,

Tlhexmocouple p Tﬁt (K]
(K] [bar]
MEG ECS-P
295 0.00087 306 [+ 11] 306 [+ 11]
0.0109 304 [+9] 303 [+ 8]
0.0547 375 [+80] 323 [ 28]
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Fig. 5. S i
L 0g9 o ame as Fig. 2, but for the 2, band of C0,~CO, at 500K and

and 2v,, respectively. This is also consistent with the fact
that in the fitting procedure, -y, expressed in density unit, is
considered as constant. The results concerning the 2v, band
are gathered in Table 4 and an example of the quality of the
fit is shown on Fig. 5 at S00K and 1.09 bar. The agreement
between theory and experiment is excellent with the ECS-P
model. The temperature T;, has been averaged over several
spectra (3 or 4) recorded in the pressure domain indicated.
The ECS-P model gives temperatures in very good agree-
ment with those derived from the thermocouple readings.
Similarly to the previous systems N,—N,, N,—~CO,, and O,—
O,, the MEG law leads to larger values of the temperature
than the ECS-P does, which results in a great overestimation
at high temperature. In the results given in Tables 14, the
apparatus function has been neglected and in most cases, the
Doppler effect has been disregarded. These broadening con-
tributions to the lineshape have to be included in the fit of
v, band of CO,, simultaneously with the collisional profile
[20]. Indeed, this band undergoes at low pressure (p = 0.01—
0.1 bar) both collisional narrowing due to rotational energy
transfers and diffusional narrowing (Dicke narrowing) due
to velocity changing collisions. The full bandwidth reaches
a minimum of about 5 x 1073 cm~? at 0.3 bar, which is only

T
J

Signal ( arb.u.)

—_—

(b) =

1388.13 Raman Shift ( em-1 ) 1388.21

Fig. 6. Same as Fig. 2, but for the »; band of CO,~CO, at 295K and
0.0109 bar
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2.2 times the experimental resolution. Three spectra of the v,
band at room temperature have been fitted (Table 5). At very
low pressure (0.00087 bar), no line mixing is present and
thus no difference between the two models is observed. In-
creasing the pressure leads to the same conclusion, as above,
for the comparison between MEG and ECS-P. Figure 6 gives
a comparison between theoretical and observed spectra at
295K and 0.0109 bar. No significant difference between the
two models is observed. At pressure greater than 0.1 bar, the
collisional linewidth «y, plays an important role, whereas the
influence. of the relaxation model progressively disappears.
So, above 0.1bar, the temperature is mainly determined by
the variation of v, which has not been modeled here.

4 Conclusions

The fitting procedure developed here to measure tempera-
ture from experimental stimulated Raman spectra of sim-
ple molecules like N,, O, and CO,, takes into account the
main sources of broadening in high-resolution spectroscopy:
collisional broadening and line mixing, Doppler and Dicke
effects, and the apparatus function. The routine has been
written to extract the temperature also from CARS spectra,
and thus is a general tool, for example, to compare relaxation
models.

We evidenced the difficulty to simultaneously adjust
pressure and temperature from unresolved band shapes. This
difficulty is mainly due to the necessity to adjust an overall
frequency shift to compensate for the lack of information
on collisional frequency shift, and to a strong correlation
between pressure and shift.

The test of two models (MEG and ECS-P), gave rise
to the following conclusions. The temperatures determined
from the MEG are higher than those determined from ECS-P
for all systems (N,, N,—CO,, O,, CO,). Very large temper-
ature differences were obtained between the two models in
a few cases such as for pure nitrogen at medium pressure.
It seems clear that more sophisticated rotational relaxation
models are needed to improve the temperature determina-
tion in a large pressure range. Spectra recorded at high pres-
sure and high temperature should be also very useful to test
and develop models. The influence of nonbinary collisions
should be also considered for high-density spectra. No clear
superiority of one model with respect to the other can be
claimed for nitrogen and oxygen. In the case of pure CO, the
fitted temperatures agree well with the thermocouple read-
ings with the ECS-P model, whereas large discrepancies are
observed with the MEG model.

A modelization of the temperature dependences of the
vibrational linewidth -, of the Fermi dyad of CO, would
provide the possibility of measuring the temperature at
moderate pressures p 2 0.1 bar from v, spectra by including
it in the routine.

Finally, Raman spectra recorded in a static cell by using
a high-resolution scanning CARS spectrometer would be
of interest for making a direct comparison with our SRS
measurements.
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