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The influence of vibrational excitation of SF6 molecules on the shift of CH4 absorption lines  

in the ÑÍ4–SF6 

binary system has been estimated. It is shown that if 10–30% of buffer gas molecules 
are excited, the change in the line shift can achieve 12%, which is detectable with the spectrometer 
resolution of 10–3 ñm–1. 

 

Introduction 
 
High-resolution spectroscopy allows a detailed 

investigation into the dependence of the line profile 

and its characteristics, namely, buffer gas pressure 

induced broadening and shifting coefficients. The set 
of data on the spectral line profile and its parameters 
provides for the possibility of determining the constants 

of intermolecular interaction potential, electrooptical 
characteristics (for example, polarizability1) of the 
absorbing molecule in excited vibrational states. 

Now almost all experiments dealing with the 
investigation into the influence of collisions on the 
broadening and shift of spectral lines are conducted 
for the case when a buffer gas molecules are in the 
ground vibrational state. In Ref. 2, it was proposed 
to conduct an experiment to study the broadening 
and shift of ro-vibrational absorption lines by collisions 
with selectively excited buffer gas molecules and the 
design of the corresponding laser-based photoacoustic 
spectrometer has been proposed as well. The 

spectrometer includes a powerful ÑÎ2 laser for 

selective excitation of buffer gas molecules, such as 
SF6 and C2H4, and a tunable diode laser, operating in 
the range of 1.6 to 1.65 µm with the linewidth of 
∼ 10–4 cm–1 in the single-mode regime. This spectral 
range includes several ÑÍ4 absorption lines, for which 
the typical shift due to the buffer gas (for example, Ar) 
pressure of 400 Torr is ∼ 5 ⋅ 10–3 cm–1 [Ref. 3]. Such a 
shift can be reliably detected at the spectrometer 

resolution ∼ 10–3 cm–1. 
The experiment proposed in Ref. 2 assumes the 

detection of the difference in the shift of methane 
absorption lines due to collisions with only unexcited 
buffer gas molecules and with both unexcited and 

excited (∼ 20% of the total number) buffer gas 

molecules. 
This level of excitation for SF6 and C2H4 

molecules can be obtained at a moderate power of a 
ÑÎ2 laser,4 and this can lead to the change in the 
line shift value. To determine the requirements to the 

spectral resolution of a photoacoustic spectrometer and 

to develop the technique, it is necessary to estimate 
the shift of spectral lines of the absorbing molecule 
upon the appearance of a marked (∼ 20%) fraction of 
excited buffer gas molecules in the binary gas mixture 
of the absorbing and buffer gases. The aim of this 
paper is just to obtain such estimates for the binary 
mixture of CH4 (absorbing gas) and SF6 (buffer gas) in 

order to analyze the capabilities of the experimental 
technique. 

 

1. Main factors of the change  
in the line-shifting coefficient  
upon the vibrational excitation  

of buffer gas molecules  
 
The spectral line shifts will be estimated within 

the framework of the Anderson–Tsao–Curnutte (ATC) 
semiclassical impact theory,5 in which collisions are 
believed binary, the collision time is short as 
compared to the time between collisions, and the 
trajectories of particles are straight-lines. The spectral 
line shift (δ) for the transition i → f, where i and f are 
the quantum numbers of the initial and final states of 
the principal molecule, is described by the equation 
 

 
2 2

2

Im ,
2

j jif

j

nv

c

δ = ρ σ
π ∑  (1) 

where Imσj2 is the imaginary part of the complex 
collisional cross section; n is the density of buffer gas 
molecules; v is the velocity of molecules; c is the 
speed of light; ρj2 is the population of the j2 level of 
the buffer gas; 
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Here b is the impact parameter; S1(b), S2(b) are the 
well-known interruption functions of the Anderson 

theory. The quantum indices i and f of the active 

molecule include both vibrational and rotational 
quantum numbers. The interruption functions include 
matrix elements of the intermolecular potential 
calculated with the ro-vibrational wave functions and 
therefore depend on the vibrational quantum numbers. 

For example, for the strongest dipole-dipole 

interaction, the interruption function S2(b) is 

determined in the form  
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where ( ),D jj′  ( ),D ii′  ( )D ff ′  are "generalized" line 

strengths, that is, line strengths divided by 2j + 1 
square of reduced matrix elements for dipole 

transitions in the buffer gas and the absorbing 
molecules, respectively. In the method of effective 
operators, the total wave function is represented in 

the form of the product [v]
v r

ψ ψ  of the vibrational (ψv, 

v denotes the set of vibrational quantum numbers) 

and rotational ( [v]
r

ψ , r is the set of rotational quantum 

numbers) wave functions. Therefore, the main parts 
of the generalized line strengths, corresponding to the 
dipole transitions in the buffer molecule in Eq. (4), 
can be factorized as: 

 ( )
222 [v] [v]

2 2 v v .

z r zz r
D j j K′ = ψ µ ψ ψ ψ   (5) 

Here µz is the component of the dipole moment of the 
buffer molecule (it is assumed that the axis z of the 
molecular coordinate system is directed along the 

dipole moment vector); Kzz is the direction cosine. 
Each of these factors depends on the vibrational 
quantum numbers: the first one accounts for the 
change in the average dipole moment upon the 
vibrational excitation, and the second one accounts 
for the change in rotational wave functions due to 
the variation of effective moments of inertia. Usually, 
both these effects are assumed small, because they are 
determined by the first and second derivatives of the 
dipole moment with respect to normal coordinates  
in the first case and by the rotational-vibrational 
interaction in the second case. However, it should be 
noted that for some molecules, for example, H2S, 
CO, and H2O, the corrections due to the above 
intramolecular effects can be significant. 

The complex resonance functions  

 ( ) ( ) ( )1 1k f k iIf kϕ = +  (6) 

depend on the parameter  
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which, in its turn, depends on the RV energy levels 
of a buffer molecule. As a consequence, the change of 
the rotational energy spectrum due to the vibrational 
excitation of buffer gas molecules can also cause the 
change in line half-widths and shifts.  

Similar factors manifest themselves at other types 
of the interaction: quadrupole, octupole, etc. 

If the mixture of gases is at room temperature, 
the fraction of vibrationally excited buffer gas 

molecules is small. In this case, the operation of 
averaging over states in Eq. (1) is performed only 
over the rotational levels of the lower vibrational 
state and S(b) depends only on the characteristics of 
the buffer molecule in the ground vibrational state. 
When the gas mixture is exposed to laser radiation, 
which is absorbed by the buffer gas molecules, this 
leads to their excitation. As a consequence, the 
intermolecular interaction potential changes due to 
the changes in the multipole moments, in the 
distribution of buffer molecules over the rotational 
energy levels, and in the transition frequencies and 
probabilities in the buffer molecule in the excited 
vibrational state. The higher is the vibrational 
excitation energy of the buffer molecules, the larger 
is the change in the line shift.6–8 

 

2. Estimated influence of vibrational 

excitation on the ÑÍ4 line shift 
 
Consider the shifts of methane lines in a non-polar 

buffer gas (for example, C2H4, SF6). We will take 

into account only the contributions of the isotropic 
part of the potential to the function S1(b) and the main 
octupole-quadrupole interaction to S2(b), because the 
first nonzero multipole moment of methane in the 
ground vibrational state is octupole. 

In this case, the terms of the interruption function 
take the form9–11: 

 1 1, 1,( ) ,i fS b i i= ∆ − ∆  (8) 
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In Eqs. (9) and (10), 1 1v v
ii

i iα = α  is the mean 

polarizability of the principal molecule in the 

vibrational state i; α2 is the mean polarizability of 
the buffer molecule in the ground or excited 
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vibrational state; U1, U2 are the ionization potentials 
of the molecules; Ω1, Θ2 are the octupole and 

quadrupole moments; j K
jKmnC

′ ′  are the Clebsh–Gordon 

coefficients, determining the line strengths of 
radiationless transitions in molecules; f4(k) are the 
resonance functions for the octupole-quadrupole 
interaction. 

In the estimates, we take into account the 

following:  
1. In the non-polar molecules considered, the 

rotational interaction is low and the rotational-
vibrational constant is at least three orders of 
magnitude lower than the rotational constant; 
therefore, the change in the rotational spectrum upon 
the excitation of several vibrational quanta can be 
neglected. 

2. The estimates also show that the difference in 

the line strengths ( )2j K
jKmnC

′ ′
 for the ground and the 

excited states can be neglected, because it is 
determined by the effects caused by deviations from 
the Born–Oppenheimer approximation. For the 
vibrational levels of the ground electronic state of the 
buffer molecule, whose energy is much lower than the 

dissociation threshold, these  effects  can be neglected. 
3. As is shown by calculations,12 the change in 

the quadrupole moment upon the excitation of several 
vibrational quanta is 7–10%. Thus, in the estimates, 
the shifts of methane lines with v = 2 upon the 
collisions with excited non-polar molecules can be 
neglected. 

4. The direct calculation of the broadening and 
shift of methane lines (performed for other non-polar 
buffer molecules: N2 and O2) showed13,14 that the 
total contribution of all multipole and disperse 
interactions (S2(b)) as compared to the contributions 
of the isotropic part of the potential (S1(b)), given in 
the Table, does not exceed 13–16%. The Table 
summarizes the contributions of different multipole 
interactions to S2(b).  

Based on the above-said, in the estimation of the 
change in the shift of methane spectral lines upon the 
buffer gas excitation, we can restrict our 
consideration to the contribution S1(b) and neglect 
the contribution S2(b). 

 
Buffer gas N2, % O2, %

Total contribution of multipole interactions
as compared to the contribution of the 
isotropic part of the potential (S1(b)) 

13.2  16.5 

Including   

octupole-quadrupole  65.7  12.0 

octupole-hexadecapole  28.18  73.3 

disperse contributions  5.7  14.02 

hexadecapole-quadrupole 0.24  0.05 

hexadecapole-hexadecapole 0.18  0.63 

 
Taking into account Eqs. (1)–(3) and (8)–(10), 

one can write the equation for the shift of the methane 
spectral line: 
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If now we denote the part of the Eq. (11) 
independent of the vibrational characteristics of the 
buffer molecule as D: 
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then the line shift can be written as  

 2 .if n Dδ = α  (12) 

If n* is the concentration of excited buffer gas 
molecules, then the shift of a spectral line of the 
absorbing molecule can be presented as  

 * * * *

2 2( ) .if n n D n Dδ = − α + α  (13) 

Here 2

∗α  is the mean polarizability of the buffer 

molecule in the excited vibrational state. The relative 
change in the spectral line shift upon the vibrational 
excitation of some buffer gas molecules can be 
expressed as 
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Thus, the strongest effect can be expected to 
come from the change in the polarizability upon the 
vibrational excitation. The estimates obtained for the 
buffer gas molecules under consideration 

7,8 give the 
increase of several tens percent in the polarizability 
upon the vibrational excitation. 

For example, if 30% of buffer gas molecules are 

vibrationally excited and 2 21.4
∗α ≈ α , then the relative 

change in the shift is *( )/ 0.12.if if ifδ − δ δ ≈  

It is known from the experiment that the absolute 
values of the shifts of different lines in methane  
ro-vibrational bands can achieve 0.015 cm–1

 ⋅ atm–1
 

[Refs. 14, 15]. Therefore, under given conditions, we 
can expect the following change in the absolute shift 

of a line: ( )if if
∗δ − δ ∼  0.002 cm–1. This shift is really 

detectable with the spectrometer developed for such 
studies.2 

Figure 1 shows the record of the methane spectrum 
along with the record of the transmission spectrum  
of an interferometric wavelength meter. The distance 

between peaks in the interferometer spectrum is 
0.05 cm–1, the peak width (determined by the 
interferometer finesse ∼  20) amounts to 0.0025 cm–1 
and determines the spectral resolution of the 

spectrometer in general, since the radiation line 
width, used to record the methane absorption spectrum 
(Sacher Laser technik TEC-100), is an order of 
magnitude smaller ∼  10–4 cm–1. The resolution attained 
is quite sufficient for recording small shift values 
∼  10–3

 cm–1, as was demonstrated in Ref. 3 when studying 

the ÑÍ4 absorption line shift by helium and neon. 
 



Yu.N. Ponomarev et al. Vol. 18,  No. 4 /April  2005/ Atmos. Oceanic Opt.  281 
 

 

 
a 

 
b 

Fig. 1. Methane absorption spectrum at 8 Torr (a) and 
transmission spectrum of the interferometer–wavelength 
meter (b). The distance between neighboring peaks in the 
interferometer spectrum is 0.05 cm–1

. 
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