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Abstract. Line mixing effects have been studied in the v3 band of CH3sF perturbed by helium. Theoretical
absorption coefficients are compared to FTIR measurements, which were made at room temperature for
helium pressure from 1 atm up to 90 atm. The observed strong modifications with respect to additive
Lorentzian contributions are explained by line coupling effects. The Infinite Order Sudden Approximation
and the Energy Corrected Sudden Approximation are used in order to account for these effects. The latter
gives better agreement: it rather successfully predicts the band shape and the linewidths.

PACS. 33.20.Ea Infrared spectra — 33.70.-w Intensities and shapes of molecular spectral lines and bands
— 34.10.+x General theories and models of atomic and molecular collisions and interactions (including
statistical theories, transition state, stochastic and trajectory models, etc.)

1 Introduction

Modelling of line mixing in linear molecules has been de-
scribed in many papers (see references [1,2] for a review).
The case of COs is the most extensively studied due to
its atmospheric interest (see, for instance, references [3-5]
and references therein). Considerably less work has been
done on line mixing in spectra of non-linear molecules,
for the following reasons. The treatment of line mixing
uses parameters of the isolated lines such as position,
width and intensity. However, the spectral studies, both
experimental and theoretical, of “isolated line” parame-
ters have mainly concentrated on line positions. The indi-
vidual line intensities are less investigated; even for sim-
pler molecules of atmospheric interest the distribution of
line intensities is extrapolated from a limited set of mea-
sured values. Experimental studies of line broadening co-
efficients are also not very numerous for symmetric top
molecules; see, for example, references [6-12]. Close cou-
pling, or less accurate, theoretical pressure broadening
cross-sections have also received not much interest [1,2,
12,13] owing to the increasing complexity for non-linear
molecules. The latter is also true for rigorous modelling
of the band shapes which is actually intractable for most
non-linear molecules. Some research groups have there-
fore proposed various approaches in order to deal with
line mixing manifestations at least qualitatively or semi-
quantitatively. We may mention the semi-empirical model
of Hartmann et al. [14] used for CO3, CH35Cl and CFC-22,
the work of Rodrigues et al. [15] based on the Exponential
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Gap Law [1,2] applied for ozone mixed with Oz and Na,
and the method of Tonkov et al. [16] proposed to simulate
the band shapes of CO3, O3, CHy [16] and CH3F [17]. In
the latter, some linewidths were reported and more im-
portantly a band shape analysis was proposed with the
Adjusted Branch Coupling (ABC) method [16], which ac-
counts for line mixing effects. The results of this work [17]
stimulated us to perform a more extensive study.

From the viewpoint of the available data set, the case
of the v3 parallel band of methyl fluoride seems to be
favourable. The positions and intensities of the lines in
this band have been obtained by Papousek et al. [18] and
by Lepere et al. [19]. The authors also showed that the
lack of directly measured data may be reasonably compen-
sated by means of relatively simple extrapolations. Very
recently, He-broadening coefficients were measured [11] in
the vg band of CH3F and compared to semi-classical calcu-
lations based on the Robert-Bonamy [20] formalism. Sev-
eral studies, both experimental and theoretical, done by
De Lucia and co-workers, were devoted to the collision-
induced transition rates and derived quantities such as
pressure broadening cross-sections [21-24] (and references
therein). Brechignac [13] in an original paper used the
predictions of the Infinite Order Sudden Approximation
(IOSA) [1,2] to explain the variation with pressure of the
self-broadening parameter of the R(1, 1) IR line of the par-
allel band located at 2866 cm™! under application of an
electric field. This work however was limited to the dom-
inant dipole-dipole interaction.

In view of the necessary approximations for a treat-
able relaxation model, the choice of the methyl fluoride
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Fig. 1. Intensities of the lines in the central region of the v
band of CH3F. (Only the sub-bands with K < 7 are shown for
clarity.)

molecule and of this very band also seems to be appro-
priate. The rotational constant B ~ 0.85 cm™' is small
enough to provide a dense energetic structure making valid
reasonable approximations like IOSA. Nevertheless, it is
sufficiently large for modern experimental techniques to
allow measurements with various extent of spectral struc-
ture resolution. It is convenient that this band looks like a
superposition of perpendicular linear molecule bands, e.g.,
like the v5 band of carbon dioxide. Figure 1 illustrates the
structure of the v3 band around the ) branches where
many lines are crowded together within a narrow interval
(~ 5 cm™!). The v3 band is also very weakly perturbed
by Coriolis interaction, and the splitting of the K = 3n
levels has not been observed [18].

For these reasons, quantum-mechanical calculations
based on the work of S. Green [25] are a priori feasible.
It is not possible to perform an accurate ab initio calcula-
tion since, to our knowledge, the CHsF-He intermolecular
potential is not yet available in any form. Instead, we at-
tempted to apply IOS and ECS scaling-fitting laws, having
He-broadening coefficients at our disposal, thanks to the
recent results of reference [11].

The present paper is thus devoted to an ECS [1,2]
analysis of an extensive set of experimental spectral band
shapes for the v3 band of methyl fluoride mixed with he-
lium. It is well known that this formalism is the most
efficient and the proper one when accurate calculations
(Close Coupling or even Coupled States) are intractable.
Indeed, it includes properly the angular momenta coupling
between radiation, rotation (and vibration) and expresses
the relaxation matrix for an atomic perturber in terms of
basic rates.

The paper is organised as follows. In Section 2 the
experimental set-up and the methods of data treatment
are reported. We recall the principles of the ECS frame
in Section 3, and we underline the approximations made
in the case of this system to obtain the band shape, the
theory of which is given in Section 4. Results are presented
and discussed in Section 5.
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2 Experiment and data treatment

For the experimental studies we used the set-up available
at the University of Rennes [26] with a Bruker IFS 120 HR
Fourier transform spectrometer as a spectral instrument.
We used a globar as a light source, Ge/KBr beamsplitter,
MCT detector (HgCdTe at 77 °K), and a set of Oriel in-
terference spectral filters. Commercially available methyl
fluoride (Fluorochem Limited) and helium (Air Liquide)
were used for the composition of gaseous mixtures. The
purity of the helium was spectroscopically tested, and no
sign of additional bands was detected. The purity of the
methyl fluoride sample is not stated by the manufacturer;
for its analysis, we registered the spectrum of a sample at
the pressure of several Torrs with the greatest spectral res-
olution available (0.002 cm™!). In fact, we detected only
some traces of the water vapour spectrum in the region of
the 15 band of HoO, which is far beyond the spectral inter-
val in question. The same spectrum was used as a test of
the spectrometer calibration. We found that the line posi-
tions coincided with the recommended values reported in
reference [18] with an inaccuracy of less than 0.001 cm~1.

We utilised two different absorption cells. The first one
with a pathlength of 21.3 cm and equipped with KRS-5
windows, was used for the measurements at higher pres-
sures (up to 90 bars). The other one was a multiple-pass
cell (30 cm base) with ZnSe windows used at lower pres-
sures (up to 20 bars).

The mixtures were composed in the same cell which
was then used for measurements. First, a certain quantity
of methyl fluoride was introduced, and its pressure was
measured using Datametrics 590 capacitance manometer
(0-1000 Torr, 3 scales). After evacuating the connect-
ing tubing, the cell was filled with helium, and the total
pressure was measured using an appropriate manometer
(Datametrics 590 for 1 bar, 1-10 bars and 10-50 FGP
pressure gauges or Heise manometer 0-100 bars, preci-
sion 0.1% at full scale). To minimise a possible influence
by CH3F self-broadening on the registered spectral pro-
files, we used mixtures with relative absorber/perturber
concentrations of 1:300 or less. We estimated that in this
case the inaccuracy due to self-broadening does not ex-
ceed 2%, and it may be seen only in a region of the lowest
measured values of the absorption coefficient.

We chose the spectral resolution with a four-point
Blackman-Harris apodization function to register absorp-
tion shapes at any given pressure with minimal instru-
mental distortion. Roughly, the resolved spectral interval
should be at least five times smaller than the FWHM of
a line which may appear in the spectrum. The number
of scans was chosen in order to optimise the signal-to-
noise ratio in the measured absorbance spectrum A(o) =
log(Io(c)/I(c)), where I(o) is the sample spectrum and
Iy(o) is the reference one, that is the spectrum of the cell
filled with helium at the same pressure as used for the sam-
ple spectrum. Typically, the value of the standard devia-
tion in a spectrum profile was about 0.001 of absorbance
units. Indeed, the time of acquisition varied from some
minutes to several hours.
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Table 1. Absorption spectra of methyl fluoride mixed with helium: experimental conditions.

Total pressure (bars) 1 5 10 20 40 90
Initial pressure of CH3F (Torr) 2.5 12,5 25 50 100 250
Temperature (°C) 27+1 25+1 25+£1 274+1 27+1 27+1
Scans per spectrum 500 400 400 400 40 40
Spectral resolution (cm™!) 0.022  0.043  0.055 0.11 0.3 0.3
Number of spectra for averaging 7 7 8 12 6 6
Optical pathlength (cm) 615 975 975 975 21.3 21.3

All studies were performed at room temperature. The
temperature was measured by a platinum resistance ther-
mometer attached to the body of the cell which was placed
in the evacuated cell compartment of the spectrometer.
The stability of the temperature was maintained by a sys-
tem of air conditioning, and the temperature was moni-
tored during the whole time of recording. Some essential
parameters of recordings are given in Table 1.

To study the line mixing effects, it is essential to mea-
sure the absorption band shape in the widest possible in-
terval of the absorption coefficient. The reason for this
is that the most sensible intervals for line mixing are usu-
ally those with maximum (@ branch) and minimum (band
wings) intensities. We used the method of “complete ab-
sorption profile” described in more detail in reference [17].

It is worth noting that this method is applicable if the
band shape does not depend on the absorber concentra-
tion; which is the case for the chosen band. It is also true
that the eventual baseline variation should be carefully
controlled. To overcome the latter problem, we studied in
advance the stability of the reference spectrum which was
found to be satisfactory, that is, with no spectral pecu-
liarities. For each series, we registered one reference spec-
trum before the sample spectra and another one after it.
Their ratio was used as a test of the baseline stability for a
given series. The spectral interval of registration was cho-
sen as wide as possible to observe spectral intervals with
no significant absorption at any concentration of methyl
fluoride (so-called “points of transparency”). For example,
the spectra at higher pressures were recorded in the spec-
tral interval of 800-1900 cm™!. This allowed the baseline
to be controlled at two points of transparency, namely, at
900 cm~! and at 1700 cm~!. The variations of the baseline
proved to be not very great but measurable, taking into
account the achieved standard deviation of absorbance of
the order of 0.001. The absorbance level at the points of
transparency varied less than 0.03 absorbance units, and
the slope of baseline never exceeded 0.02 absorbance units
over the total interval of registration. The baseline was
corrected for each spectrum before its further treatment.

We believe that after baseline corrections the main
source of inaccuracy in the absorption coefficient is the
uncertainty of the initial concentration of methyl fluoride
in the mixture which may be of the order of 3-4 percent.
The spectral profile seems to be measured more precisely;

we estimate the band shape inaccuracy to be about 2%
regardless of the absolute absorption value.

3 ECS Frame

3.1 Notations and approximations

As stated above, this work is based on the IOS approxima-
tion of Green [25] which is valid for a symmetric top rigid
rotor (the active molecule) colliding with an atom (the
perturber). In his work Green [25] had considered prim-
itive and parity-adapted symmetric top functions. In the
following we will keep the first set because the K-doubling
(in the K = 3n sub-bands) is not observed. Due to this
and because the “umbrella” inversion is not possible for
the molecule CH3F, we cannot investigate the effects of
propensity rules [27] for rotationally inelastic collisions.

To simplify notation, an infrared transition k& between
an initial level 4 and a final level f is written in the Liou-
ville space: |k)) = |v;J;K;vpJ;Ky)), where for instance
v; stands for the complete set of vibrational quantum
numbers (including vibrational angular momentum), J;
is the rotational quantum number, K; its projection on
the axis of symmetry. A similar notation holds for a line
A [N) = [V JI KV J; KY%)) coupled to the line k.

Since we deal with a non-degenerate vibration, namely
the v3 band, which is expected to be uncoupled with other
bands, and since we neglect vibrational inelasticity, we will
omit the v’s.

The starting point of this frame [25] is the generalised
IOS basic rates: Q'(L, M;, My; E), where L, M arise from
the multipolar expansion of the intermolecular potential
developed in spherical harmonics and where F is the rel-
ative kinetic energy of the collision. The L values vary
from J; + J; (or Jy + J}) to |J; — Ji| (or |Jy — J%|) and
M; (My) varying from |K; — K]| (respectively, |[Ky — K%|)
to K; + K (respectively, Ky + K}) for collision-induced
transitions between lines k& and .

In fact, in CH3F, two species coexist depending on
the relative orientation of the nuclear spin of the three
hydrogen atoms. Levels with K = 3n (A symmetry) are
designated ortho-CH3F, and levels with K = 3n£1 (E
symmetry) are designated para-CH3sF. These two symme-
try species do not readily interconvert, either radiatively
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or collisionally; this can however occur via magnetic hy-
perfine interaction. Thus, we have a propensity rule for
the rotational levels: A <— | — E. One can thus consider
the gas of active molecules as being composed of two in-
dependent species. Moreover, the C5,, symmetry of CHsF
imposes a restriction that collisions may change the quan-
tum number k (k is the signed value of K) only by a mul-
tiple of three: Ak = 3n. Schwendeman and coworkers [28]
demonstrated by infrared-infrared double resonance that
K-changing collisions are significant in this band of CH3F.

The parallel (AK = 0) vs band of methyl fluoride is
a superposition of K-sub-bands. To go further, we have
assumed that the levels with different K values are not
coupled via collisions. This assumption removes the colli-
sionally allowed AK # 0 transitions. The validity of this
assumption is however not obvious [15,25,29]. Nonethe-
less, this might be a reasonable approximation for a pro-
late top with the rotational constant A much greater than
B [30] and a small constant D;k. Note also, following
Oka [31], that, for example, transitions for K = 4to K =5
are expected to be very weak because, although these are
para-transitions, a change of Ak = 9 is needed. Another
argument may be found in our work [17], where we tested
the ABC model for two cases, namely, with and with-
out mixing of K components. The spectral band shapes
proved to be insensitive to the extent of K coupling in the
framework of the ABC model. Obviously, the absence of K
coupling simplifies calculations, and the computing time
diminishes drastically; the latter fact is rather important
because the calculations can be performed in a reasonable
time.

We are thus left with:

Q' (L; E)=Q'(L,0,0; E)=Q'(L, Mi, My; E)dar,00n,0- (1)

3.2 Cross-sections

It had been shown [1,2,25] within the IOS approxima-
tion that the generalised IR cross-sections can be factored
into spectroscopic and dynamical coefficients. The result-
ing equation for downward transitions (J; > J/) is [3]

[J7] 1/2 1K, KL
A== (g) SwESem. @
L
with Ky = Kj, since we consider a parallel band, and

[X] = 2X + 1. The spectroscopic coefficients F which
take into account, through the familiar 35-6;5 angular-
momentum-coupling symbols, the coupling of the different
angular momenta involved, are defined by

1K;K¢L
FJ,-JfJ;fJ} = —([7i][J] [Jf][J}])1/2
LD g\ (I LW [ g1
X (KZ 0 —Ki) (-Kf 0 Kk;) Ly

It should be emphasised once more that we have set K
equal to K;, which is the main simplification in the present
work. The dynamical factors, or basic rates, Q (T') are
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actually the basic rates from equation (1) thermally av-
eraged over kinetic energy according to the Maxwell-
Boltzmann distribution:

W) = gy |, B QUERE. ()

They may be considered as inelastic cross-sections for
downward transitions to the ground state within K = 0,
namely, 0°(L — 0;7T). The cross-section for the reverse
process, for J; < J!, is given by the detailed balance prin-
ciple:

prot(k = N) = prot(N = k), (5)

where the p’s are the populations of the initial level of the
radiative transition.

The IOSA is known to be rather accurate, especially
when the rotational spacing is small compared to the ther-
mal energy. It is certainly true for the molecule of CH3F
at 296 K (kT ~ 205 cm™!) considering the transitions
which form the band in question. The ECS formalism at-
tempts to put back into the calculations of the rates some
of the adiabaticity removed in the IOSA [1,2] by the ne-
glect of the rotational energy-level spacing and of the fi-
nite duration of the collision. This was done by De Pristo
et al. [32] who introduced an additional factor A(J,L)
into the IOS scaling law to account for the rotation of
the molecule during the collision. The “ECS-factor” of De
Pristo et al. [32] can be written as follows:

A, 1) = YOu (6)

2

and according [5] to the work of Bonamy et al. [33] the
adiabaticity factor takes the form

-1
A2w?
-QL: <1+ C L,L—l) ’

1272

where wy, 11 is the difference in angular frequency be-
tween adjacent levels and A. is a scaling length. Conse-
quently, the collisional time, A\./7, is an additional pa-
rameter that is included in the ECS scaling law, where
¢ is understood to be an effective impact collision length
and U is the average relative velocity.

The main quantities in these approximations that are
still unknown are the basic rates. They were modelled
through the simple analytical power law:

(7)

A(T)

QL(T) = L+

(®)

where A(T') and « are adjustable parameters.

Finally, let us recall that the cross-sections are purely
real quantities, due to the use of equation (1). As a con-
sequence, no rotational line shifts are predictable.
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4 Line shape formulation
4.1 General formulation

We consider a mixture of radiatively active molecules a
with a transparent buffer gas b with densities n, and n; at
a temperature T'. The absorption coefficient a(c) account-
ing for line mixing within the impact and binary-collision
approximations is given by [34-37]:

83 9
a(0) = nag—o(l — exp(~heo /kpT)) Y | |R,|

v

1
xIm— " dx((M(o—a0—iny W)~ [k))dkpr, (9)
k,\

where dy, is the reduced dipole matrix element for line |k))
and R, the vibrational dipole moment; o, og and W° are
operators in Liouville space, associated, respectively, with
the scanning wavenumber, the line position, and the colli-
sional process. o and oy are both diagonal and real, while
W9 is non-diagonal and in general complex (although real
here: see above). The off-diagonal elements of the relax-
ation matrix W account for line interference whereas the
diagonal values are proportional to the broadening coeffi-
cients.
The matrix elements of W are related to the IR cross-
sections by
(AWOIR) = W, = 5o’ (k= ). (10)
27e
In fact, in this formalism, diagonal elements have to be
deduced from the sum rules [38,39]

5
Wl?k = Z d_W)(\)k )
Atk R

(11)

and it is well known [3-5,38] that any band shape mod-
elling should respect these rules.

4.2 Spectroscopic details

Four bands of CH3F were taken into account to calculate
the spectra in the region 950-1100 cm™!. These are the
vz and 2v3 + v3 bands of 12CH3F and " CH;3F. Note that
ECS calculations were performed only for the 3 band of
the main isotopomer. The other band shapes were consid-
ered as being composed of individual Lorentz line shapes.

The intensity of an isolated line |k)) at a temperature
T is

SOI €L OL
S§Y = T 87E "R — exp(—Bheoy,
k QR o, [ ( )]

X eXp(_ﬁhCERl)F(JZ)A(JM Jf7 K’L) ) (12)
where 3 = (kgT)~!, ER; is the rotational energy of the
initial level. Energy levels, band centre o, and line po-
sitions o were generated by means of the spectroscopic
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constants given by Papousek et al. [18]. The rotationless
bandstrength of the v3 band was taken from reference [19],
SY = 377.9 ecm 2atm™! at 296 K. The integrated in-
tensity of the hot bands was deduced by multiplying the
square of the vibrational dipole moment by two account-
ing for the vibrational level population. r is the rota-
tional partition function (for the ortho- or para-states),
Qr = 7217.4 [19], I, is the isotopic abundance of carbon,
and € is the spin-rotation statistical weight for a given
J, K level: e, = 4(2 — do.x) if K = 3n including n = 0,
er = 2(2 — do, k) otherwise. Finally, in this equation F(J;)
is the Herman-Wallis factor and A(J;, J¢, K;) is the Honl-
London factor.

All the lines of the K-sub-bands with K varying
from 0 to 25 which have an intensity greater than
1 x 107 %cm~2atm™' have been considered. This repre-
sents more than 98% of the band intensity for the v3 band
of the "2CH;F.

4.3 Effective calculation

Within the framework of the two preceding sections, band
profile calculations could be undertaken. Moreover, the
matrix elements of the (o — o — in,W°)~! operator were
calculated from the eigenvalues A and eigenvectors X of
(o0 + inpW?) as outlined in references [34-37):

SOP,I, o
alo) = On a_u[l — exp(—fhco)] ;sK
1 1
G 2R ) R T (AP
x[Im(Ag) + Yi[o — Re(Ag)]] (13)
with
Grr = Z(X_l)klpldjdlxjk7 (14)
jl
and
. Im(Gkk)
(16)

ZIm(Gkk) = 0,
k

where X, in equation (14), is a matrix whose columns
are the normalised eigenvectors X.

The formula for the absorption coefficient takes into
account line mixing effects. It appears from equation (13)
that, whatever the amount of line overlap, the absorption
coefficient can be expressed as a sum of effective lines char-
acterised by intensities Re(Gyg ), wavenumber Re(Ay), and
half-width Im(Ax). Each line k contributes to the band
shape with a Lorentz profile and a dispersive profile that
leads to an asymmetric line shape profile and redistributes
its strength inside the band without modifying its inte-
grated intensity (Eq. (16)) [40]. Y} is the so-called line
interference parameter associated with this phenomenon.
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Fig. 2. Comparison between experimental, ECS and IOS half-
widths (in 1073 cm ™' atm ™" at 296 K) in various sub-bands.

Table 2. ECS-P and IOS-P parameters.

ECS  I0S
A(A%) 46225 10.085
a 080 1.075
A(A) 20 0

It is worth noting that it is not a first-order one as derived
by Rosenkranz [35] or Smith [37].

Let us remark that if one only keeps the diagonal ele-
ments (the linewidths) obtained via the sum rules, one re-
covers a band profile expressed as a summation of Lorentz
line shapes whose parameters are taken from the same
model. Apparently, it is often useful to calculate band de-
viation functions [38] that are the ratios of the band shape
in question, either experimental or a model one, to the
Lorentz sum profile mentioned above; this approach will
be discussed in a forthcoming paper. To bring to the fore
line mixing effects we should also compare the measured
spectra with those derived as a sum of the usual Lorentz
contours:

P o[l — exp(—pBhco)]
A0) =D o T (e

m

Py,
[0 —om]? + [Py3]?

%S9 (17)
where the pressures P, and P, may be simply recalcu-
lated from the corresponding densities n, and n; used in
equation (9). The half-widths at half-maximum (HWHM)
were maintained fixed for all the lines m at 72, = 66.4 x
1073 cm ™! per helium atmosphere at 296 K.
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Fig. 3. Comparison of the relaxation matrix element coupling
the line Q(J; = 3) to other lines @ in the sub-bands K = 1
and K = 3.

5 Results and discussion

In this section, predictions of the ECS formalism are com-
pared with experimental linewidths and spectra. In the
limit that the scaling length A. = 0, the ECS scaling law
reduces to the IOS approximation (for downward rates).
The ECS-P (with P standing for the power scaling
law, Eq. (8)) adjustable parameters A, a, and A. have
been deduced a from least squares fit of experimental
linewidths [11] by using the sum rules (Eq. (11)) along
with three experimental points of the spectrum at 10 bars
located at the top of the @ branches and in the troughs
in the intermediate P-Q) and @Q-R regions. The helium
broadening coefficients from reference [11] were measured
in Qo and Qg branches of the vg band of CH3F. Com-
paring them with the estimations made in reference [17]
for the v3 band, we supposed that there is no significant vi-
brational dependence of linewidths. So, we assumed them
valid for the P branch of the K = 0 and the @ branch of
the K = 6 sub-bands of the v3 band despite the different
nature of these bands (v perpendicular, v3 parallel). The
fitted parameters are given in Table 2. It should be noted
that these parameters, especially A and «, are correlated.
Due to the complexity of the v3 band it is not possible to
decorrelate these parameters as this was done by simul-
taneously fitting the linewidths and the band wing of the
33 band of COs in helium or in argon [5,41]. This is why
the complete and statictically correct analysis of the inac-
curacies of the obtained parameters was not performed.
The resulting value for the scaling length (cf. Table 2),
Ae = 2 A, appears to be reasonable if compared to the
usual collisional range, typically close to the Lennard-
Jones diameter (o ~ 3 A [11]) or if compared to the value
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Fig. 4. Comparison between (a) the experimental spectrum
(solid line) normalized per CH3F atmosphere, the ECS cal-
culation (open circles) and the Lorentzian calculation (dotted
line) for helium pressure of 1 bar in the @ branches region
and (b) the ratios of the experimental spectrum to the ECS
calculation and to the Lorentzian profile.

obtained in our previous studies for the cases of CO2-He
(Ae = 0.66 A [3]) and COz-Ar (A = 3.5 A [5)).

5.1 Linewidths

The agreement between the experimental linewidths and
the corresponding calculated ones is satisfactory as shown
in Figure 2. The decrease of the HWHM with J in the
K = 0 sub-band is well reproduced; this effect has been
observed for various molecules. The widths in the other
sub-bands, that is for any given K # 0, increase with J
if the values of K and J do not differ much, and they
decrease at greater values of J. For a given J, the widths
decrease as K increases. Similar regularities were observed
for the v3 band of CH3Cl with different perturbers [6,7],
for the v3 band of CH3D in Oz [10] and even for NH3 with
O [8]. Moreover, our calculations show that, at a given
J, 7°(J, K) decreases with K more significantly at lower
J than at higher ones; this was also noted in reference [9]
for self-broadening coeflicients of CHsF. This trend with
K at lower J values could be explained in a variety of
ways. First, we assumed, in this study, the rule AK =0
for collision-induced transitions; apparently, they are the
most probable ones. The value of K cannot be decreased
by a collision, so when J is close to K, changes in J are
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Fig. 5. Comparison between the absorption spectrum, the
ECS model, the IOS model and the Lorentz band profile in the
central region of the band at the helium pressure of 10 bars.

not favoured since J cannot become less than K. Conse-
quently, the number of relaxation channels is thus dimin-
ished. Second, we may consider relaxation matrix elements
Wi which decrease roughly exponentially with J: see Fig-
ure 3. The ECS linewidths are given by equation (11), that
is by sum of non-diagonal matrix elements which com-
prises the elements with the same K (since AK = 0) and
various J for a given line. The greater the value of K, the
fewer the number of significantly large matrix elements
taken into account, as J > K. It therefore appears rea-
sonable that, for instance, v¢o(3,3) is less than v4(3,1).
Finally, this behaviour may be explained in view of the
role of the anisotropic part of the repulsive intermolecular
potential as in reference [11].

Are also shown in Figure 2 the I0OS linewidths which
reproduce the main trends. However, the IOS model leads
to an independence of the line widths on J at higher J
values. This is not surprising since the IOSA is not ac-
curate at higher J values, and it is well known that the
ECSA remedies this problem [42-44].

5.2 Band shapes

We first consider the spectrum recorded under atmo-
spheric pressure of helium. Experimental and computed
spectra are plotted in Figure 4a. Slight differences exist in
the @ branches region between the Lorentzian spectrum
and the ECS or the experimental ones. These differences
are more pronounced in the trough near 1049 cm™!: see
Figure 4b. The ratio of the experimental spectrum to the
Lorentz calculation plotted in Figure 4b shows that even
for such a moderate pressure one should be cautious of
using a Lorentz band shape.
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Fig. 6. Line parameters for the effective lines of the K = 3
sub-band as a function of line positions Re(Ax) (cf. Eq. (13))
for the helium pressure of 10 bars. (a) Comparison of the ef-
fective intensities in cm™?atm™" (open squares) to the stan-
dard ones (given by Eq. (12)) valid for isolated lines used for
the Lorentzian prediction (solid circles). (b) Half-widths (in
1073 cm ™' atm™'). Note the point associated to the most in-
tense line. (¢) Distribution of the dispersive contributions. The
arrows indicate the transfer of the intensity.

At greater pressures, the differences between an ECS
calculation and a Lorentzian one are enhanced: see Fig-
ure 5. The rotational structure persists in the P and R
branch regions, being completely washed out in the @Q
branches region. The ECS prediction accounts satisfacto-
rily for the experiment over the entire profile in contrast
with the IOS approximation which provides an excess of
intensity transfer.

In order to follow the evolution of the band profile
with helium pressure it may be of some interest to present
a distribution of ECS calculated parameters of the effec-
tive lines (Egs. (13-15)) for the most intense sub-band at
K =3.

Figure 6 gives intensities Re(Gyy), half-widths Im(Ay)
and products Re(Ggr)Yr = Im(Ggr) versus line positions
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20 bars.

Re(Ag). In Figure 6a the intensities are compared with
the standard ones deduced from the work of Papousek et
al. [18] and Lepere et al. [19]; they were used for the calcu-
lations of Lorentzian band shapes (Eq. (12)). This figure
shows that the positions of lines are quite similar as well
as intensities in the P and R branches, the only differences
appearing for the first @ lines. The most intense @ line
(Q(3), cf. Fig. 6a) has the smallest linewidth (Fig. 6b),
and it has a large negative interference parameter Yy re-
sulting in a strong dispersive component Re(Ggx )Y (cf.
Fig. 6¢). This negative product and the dispersive contri-
bution of the R lines account for the strong sub-Lorentzian
behaviour of the absorption in the troughs between the
Q@ and R branches (see Fig. 5). Similarly, such products
for the other @ lines are responsible for the enhancement
(the collisional narrowing) of the @ branches and, taking
into account the dispersive contribution of the P lines, the
sub-Lorentzian behaviour of the absorption in the troughs
between the P and ) branches. The arrows in Figure 6¢
indicate these transfers of intensity inside the band.

Up to 20 bars the ECS calculation gives a fairly good
agreement with the experimental spectrum over the entire
band; see Figure 7. At higher pressures the situation be-
comes more complicated: see Figures 8 and 9. It is worth
noting that the agreement remains satisfactory at the top
of the @ branches region, but it is not the case for the
troughs in the intermediate P-@) and Q-R regions, espe-
cially at 90 bars. It is known that these regions are partic-
ularly sensitive to interbranch coupling: see, for instance,
reference [17] for the present case. These results may be
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Fig. 8. Comparison between the measured spectrum (solid
line), the Lorentz band profile (dotted line), and the ECS cal-
culated profile (open circles) at the helium pressure of 40 bars.
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Fig. 9. Comparison between the experimental spectrum (solid
line), the Lorentz band shape (dotted line), the ECS calculated
profile (open circles) and the I0S calculated profile (solid cir-
cles) at the helium pressure of 90 bars.

due to some inaccuracy in the interbranch mixing cross-
sections. Recall that our fitting procedure favoured the
linewidths against only three experimental points of the
spectrum at 10 bars. At any rate, it demonstrates that the
role and the peculiarities of interbranch coupling should
be studied in more detail.

The phenomena represented in Figure 6 are strength-
ened at 90 bars as is illustrated by Figure 10. The strong
deviation from a Lorentzian spectrum shown in Figure 9
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Fig. 10. Same as Figure 6 for the helium pressure of 90 bars.
Note in (b) the points associated to the most intense lines.

is made evident in Figure 10a. This deviation appears not
only in the @ branches region but also in the wings of the
P and R branches. The @ branch is rather collapsed: its
description is nearly reduced to a pair of lines. Their effec-
tive intensities appear to be of opposite signs, the positive
one being 6 times as big as the negative one. Their half-
widths are smaller than those of an isolated line, see Fig-
ure 10b, and the dispersive contributions of opposite signs
(Fig. 10c) account for the broadening of the @ branch.
Moreover, Figure 10c shows clearly the intensity redistri-
bution in the P and R branches.

We should also mention that the IOS calculation de-
parts more and more from the experimental spectrum as
the pressure increases.

Finally, no shift or no relative shift of the P, Q) and
R branches (resulting of the superposition of all the K-
sub-bands) has been observed, as is the case for instance
for isotropic Raman @) branches at high pressure [45,46].
Therefore, no attempt has been done for the modeling of
any pure vibrational dephasing.
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6 Conclusion

The measured half-widths [11] have allowed us to attempt
an ECS analysis of the v3 band shape of methyl fluoride.
The calculated half-widths reproduce the main trends of
the experimental ones. Unfortunately there are no mea-
surements at higher J values since it is not easy to take
into account small intensities of the lines, possible influ-
ence of some other bands, and a greater extent of line
overlapping for J = 20...30 in the v3 band. Nevertheless,
the present study corroborates, in comparison with refer-
ence [17], the description of line mixing in the v3 band
of CH3F perturbed by helium within the framework of a
more sophisticated rotational relaxation model.

The well-known ability of the ECS model to match
band spectra of linear molecules has been confirmed for
a symmetric top molecule even with some simplifications
introduced. We have also attempted the above analysis
using the IOS scaling law. The accuracy of the IOS ap-
proximation for higher rotational levels is easily improved
by introducing simple corrections suggested by the ECS
scheme: this procedure gives better behaviour for the line-
widths and better agreement with experimental profiles.
As was mentioned for other band shape analyses [43], the
ECS model has demonstrated its superiority over the I0S
one. Nevertheless, this point was not obvious at the be-
ginning of this study. Indeed, Everitt and De Lucia [21]
had found no improvement with respect to IOSA by us-
ing the ECS formalism to model the state-to-state rates
for CH3F-CH3F collisions; if the IOS approximation were
sufficient for this sort of interaction, it would be a fortiori
sufficient for the CH3F-He case.

The results presented here are somewhat different from
those obtained by Everitt et al. [21]. Our experimental
band shapes are related to the energy relaxation via the
time evolution of a tensor of first rank, and we find that
the additional parameter introduced in the framework of
the ECS approximation is essential to achieve good agree-
ment between calculated and experimental data, both for
linewidths and for selected regions on the band shape sen-
sible to line mixing. In fact, we obtain the diagonal ma-
trix elements applying the sum rules for the relaxation
matrix to the calculated set of the non-diagonal ones (see
Eq. (10)), and this feature of the relaxation matrix was
not considered in reference [21]. In our opinion, the data
set of reference [21] may not be particularly sensitive to
the adiabaticity level ruled by the ECS scaling law, con-
trary to our case, since Everitt et al. [21] only consider low
rotational states and small AJ values (AJ < 10).

It would be interesting to compare the present results
with the model of Filippov et al. [16,17] and, in partic-
ular, to investigate in more detail the role of interbranch
coupling: this will be done in a forthcoming paper.
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