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The results are presented of a study of the width and position of the Q-branch profile maximum 
for Y ,  vibrations of CH, and SiH, molecules. The measurements were performed with a resolution 
of 0.001 cm-' at a density of 150 amagat and a temperature of 295 K, both in pure gases and in 
mixtures with argon. Contributions to the change in the shape of the profile due to vibrational and 
rotational relaxation were isolated, and the time constants and cross sections for these processes 
were determined. 

1. Studies of line shapes in Raman spectra yield impor- 
tant information on intermolecular interactions and the as- 
sociated vibrational and rotational relaxation processes in 
molecules. Particularly interesting from this point of view 
are studies of the Q-branch profile in isotropic Raman spec- 
tra due to vibrational-rotational transitions, since the depen- 
dence of these spectra on density is determined by both vi- 
brational and rotational relaxation. The basic task in the 
analysis of such experimental data is to isolate the contribu- 
tion of these relaxation processes to the change in the shape 
of the spectra. In this paper, we present the results of such an 
analysis, applied to measurements of the shape and width of 
the individual components as well as of the entire Q-branch 
profile of v ,  vibrations of CH, and SiH, molecules as func- 
tions of pressure in the gaseous phase. The measurements 
were performed in a broad pressure range. 

2. Most published work on line profiles in the Raman 
spectra of gases (see Ref. 1, pages 203-246 of Russ. transl.) 
has been confined to diatomic molecules for which many 
general properties of the isotropic Q-branch profile have 
been established as functions of density. 

In tenuous gases, the Q-branch is split by the vibration- 
al-rotational interactions into a series of individual J-com- 
ponents (Jis the rotational quantum number). As the density 
N increases, the initial Doppler profile of these components 
is homogeneously and linearly broadened by rotationally in- 
elastic collisions that alter the magnitude of the angular mo- 
mentum J and the rotational energy E of the molecules with 
characteristic relaxation times T j  and rE (the width of the 
profile is yJ -7, -' -N). We note that collisions that alter 
the direction of the angular momentum do not effect the 
shape of the istotropic Q-branch profile. 

When the broadening becomes comparable with the J- 
line splitting (7, -' k 2a ( J  ) where a is the vibrational-rota- 
tional interaction constant), the Q-branch profile begins to 
be influenced by interference between contributions due to 
transitions from different J-states, the exchange between 
which is enhanced by the increase in collision frequency r, I. 
As the density is increased still further, so that 
rE -' 2 2.rrcSQ (where 6,' = ((v - VQ )') is the frequency 
variance in the spectrum and VQ is the position of the "center 
of gravity" of the Q-branch with resolved structure), this 
interference leads to a smoothing, a symmetrization, and a 
narrowing of the Q-branch profile, and also to a nonlinear 

shift of the frequency vm of its maximum toward the centre 
of gravity by the amount A ,  from the vibrational frequency 
v,. This phenomenon is called "collisional narrowing," and 
has now been investigated in detail both experimentally and 
theoretically (see, for example, Refs. 2-10). According to 
Refs. 7-9, at sufficiently high densities, for which 
( 2 ~ ~ 8 ~  7, )2( 1 and perturbation theory is valid, the central 
portion of the Q-branch has a Lorentz profile of width 

y R = 4 n ~ 8 Q Z ~ E - N - '  (1) 
and the maximum is shifted by the amount A ,  = vQ - v, . 

In addition to rotationally-inelastic collisions, the 
broadening y, and the shift A ,  of both the individual J- 
components and of the Q-branch profile as a whole contain 
contributions due to collisions that modify both the energy 
and phase of the vibrational states. The quantities y, and A  , 
are then linear functions of density. Since the vibrational and 
rotational relaxation processes are statistically independent, 
their contributions to the width y and frequency shift vm of 
the Q-branch profile maximum are additive: 

For most diatomic molecules, the characteristic vibrational 
relaxation time is much greater than the rotational relaxa- 
tion time. This can be used to investigate collisional narrow- 
ing of the Q-branch profile by rotationally-inelastic colli- 
sions which, in turn, provides a way of observing the 
broadening and shift due to vibrational relaxation as the 
density is increased further (up to a few hundred amagat). A 
similar situation may be regarded as characteristic for all the 
diatomic molecules that have been investigated. 

The shape of the Q-branch profiles of polyatomic mole- 
cules can reflect their internal structure. Thus, firstly, the 
vibrational-rotational splitting of the Q-branches of complex 
molecules is appreciably smaller, and the number of rota- 
tional components is greater (due to the possible removal of 
degeneracy in the projection of the angular momentum J ) ,  
than in diatomic molecules. Secondly, the presence of a large 
number of vibrational states, and possible intramolecular in- 
teractions between them, enhance the effectiveness of vibra- 
tional relaxation. These effects provide us with grounds for 
supposing that, even at moderate densities, it is possible to 
observe in complex molecules the effective collisional nar- 
rowing and more clearly defined manifestations of vibration- 
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FIG. 1. Experimental CARS spectra of the Q,,-branch of the CH, mole- 
cules at 295 K for different densities in pure gas (1 ,2)  and in a mixture with 
argon (3,4): 1-N,,, = 0.1 amagat; 2-NCHA = 5 amagat; 3-N,, = 35 
amagat; G N , ,  = 85 amagat. 

a1 relaxation. Indeed, this can be seen in the data produced 
by the few measurements on polyatomic molecules per- 
formed so far, namely, N,O (Refs. 11 and 12), CO, (Ref. 13), 
C2H2 (Ref. 14), and CH, (Refs. 15-17). The absence of syste- 
matic studies of the line profiles of complex molecules in the 
gaseous phase is due to the limited spectral resolution and 
sensitivity of spontaneous Raman spectroscopy. 

3. In recent years, the development of coherent Raman 
spectroscopy (Ref. 1, pp. 310-370, of the Russ. transl. and 
Ref. 18), capable of much higher sensitivity and spectral re- 
solution, has made possible detailed studies of line shapes 
and frequencies of Raman-active transitions in polyatomic 
molecules in gases in a broad range of density. Even the early 
experiments exploiting these methods, and performed with a 
resolution of about 0.001 cm-', yielded the Q-branch spec- 
tra of Y, vibrations of CH, (Refs. 15 and 16) and v2 vibrations 
of C,H, (Ref. 14). 

In the research reported here, coherent anti-Stokes Ra- 
man spectroscopy (CARS) was used to investigate the spec- 
tra of pure methane and silane (and also their mixtures with 
argon) at densities up to 150 amagat at room temperature 
(T= 295 K), The spectra were recorded with the CARS 
spectrometer described in Ref. 19, using an instrumental re- 
solution of about 0.001 cm- '. Some of the experimental QO1- 
branch spectra of the CH, molecule are shown in Fig. 1 for 
different densities. 

In our previous papers2'-,, we reported studies of the 
structure of resolved Qol-branch spectra of these molecules 
in low pressure gases. It was found that these spectra differed 
from the spectrum of a rigid spherical spinning top with its 
complex structure and a large number of closely spaced 
spectral lines. This was due to both the vibrational-rota- 

TABLE I. 

tional interaction and the tetrahedral splitting of J-compo- 
nents into a definite, and J-dependent, number of lines. The 
resolved spectra were used to determine the quantities Y Q - Y ~  

and 8,. The results were, respectively, 0.4 cm-' and 0.3 
cm-' for CH,, and - 2.2 cm-' and 1.8 cm-' for SiH,. We 
note that the frequencies of the Qol-branch transitions in 
CH, increase whereas in SiH, they decrease with increasing 
J ,  so that the centers of gravity of these Qo,-branches lie on 
different sides of the vibrational frequency, and the quanti- 
ties A ,  should have different signs. 

The presence in CH, and SiH, of vibrational states (v,, 
2v2, 2v4, and Y, + v,) close to Y, may favor an increase in the 
vibrational relaxation cross sections. The time for collisional 
transfer of vibrational excitation between some of these 
states was measured for CH, in Ref. 24. The increase in the 
cross sections can also be due to intramolecular interactions 
of the Y, state (of the type of Fermi resonance with 2v2 and 
2v4 in CH, and the Coriolis resonance with Y, in SiH,), the 
presence of which is confirmed by data reported in Refs. 20- 
23 and 25. 

The Qo,-branch spectra of CH, and SiH, with resolved 
structure were used to determine the widths yJ of the indi- 
vidual rotational components with J = 2-5 as functions of N 
in the range N = 0.01-0.4 amagat. In this density range, 
collisional broadening appreciably exceeds the Doppler 
broadening, which is equal to 0.006 cm- ' in SiH, and 0.01 1 
cm-' in CH,. These data can be used to determine the linear 
expansion coefficients dyJ/dN, and the relations 

can be used to find the corresponding relaxation rate con- 
stant NT(J) and the broadening cross sections uJ y ,  where NL 
is the Loschmidt number and p is the reduced mass of the 
colliding particles. Table I lists the numerical values ob- 
tained in this way, together with the gas-kinetic collision 
cross sections uo for comparison. 

For densities N-0 .41  amagat, for which the spectral 
lines overlap, the changes in the shape of the Qol-branch 
profiles are determined by the complex form of their rota- 
tional structure. It is important to note that, in this particu- 
lar energy range, the collisional narrowing effect can appear 
only locally in the spectrum, because of the considerable ir- 
regularity in the disposition of the individual rotational 
components. 

4. The behavior of the shape of the Qo,-branch profile of 
methane at high densities was studied both in the pure gas 
and in a mixture of methane and argon for different partial 
pressures of CH,. For pure methane, and beginning with 
N- 1 amagat, the Qol-branch profile has a smooth form sim- 
ilar to the Lorentz shape, and its width y and position vm of 
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FIG. 2. CH,: density dependence of the Qol-branch linewidth and of the 
contribution due to rotational relaxation. Solid line-perturbation theory 
calculations, dashed line--contribution of y,. 

its maximum in the pressure range 60-80 amagat vary non- 
linearly with N (see Figs. 2 and 3). At higher densities, y(N) 
and vm ( N )  become linear functions, which indicates that vi- 
brational relaxation plays a dominant role in changes in the 
Qol-branch profile or, according to (2), it indicates the valid- 
ity of the relationships dy/dN=dy,/dN, dvm /dN=dA V /  

dN. As a confirmation of this, we note that the coefficient of 
linear shift of the maximum, measured from the slope of the 
asymptote of the vm(N)  curve in Fig. 3, is - (1.73 
& 0.03) x cm- ' amagat- ', and remains constant up to 

high densities. This is shown by measurements in a gas for 
N 5 400 amagat ( - 1.72 X 10W2 cm-' amagat-') (Ref. 26) 
and in a liquid ( - 1.73 X cm-' amagat-') (Ref. 27). 
The line shift cross section is given by 

and its numerical value is reproduced in Table 11. 
The nonlinearity of the functions y(N ) and vm ( N )  is due 

to the collisional narrowing effect. This is confirmed by the 
following facts. Firstly, it is clear from the upper part of Fig. 
3 that the nonlinear contributions A, (N)  to the shift of the 
Qol-branch maximum, obtained by subtracting the linear vi- 
brational shift A ,  = - 1.73 x 10W2N cm-' from experi- 
mental values of Y" ( N )  - vl, "saturates" for N 2 60 amagat. 
The quantity A ,  reaches the value of0.3 cm- ' in this region, 
which is roughly equal to the shift vrQ-v, = 0.4 cm-' 
(v, = 2916.47 cm- '). We note that collisions affecting vibra- 
tional and rotational motion lead in methane to a shift of the 
Qol-branch maximum in different directions. Secondly, the 
nonlinear contributions to the width of the Qol-branch also 
decrease appreciably with increasing density in the region 
N 5 60-80 amagat, which should correspond to a narrowing 
of the profile in the absence of vibrational relaxation. 

The slope of the experimental y(N) curve in Fig. 2 can be 
used to estimate the vibrational broadening coefficient: 
dyV/dNe1.2x  lop2  cm-' amagat-', which is lower by an 
order of magnitude than the broadening coefficient dy,/dN 
of the individual rotational components. This enables us to 
estimate the rotational relaxation time 7, on the assumption 
that 7, =r(J) ,  and also to use the condition (2myQ 7, )2<  1 to 
determine the density range (N> 6 amagat) in which pertur- 
bation theory can be used to describe the behavior of the 
linewidth and to estimate the contributions of vibrational 
and rotational relaxation. The perturbation-theory results 
developed in Refs. 7-9 for the isotropic Q-branch of linear 
molecules [see (1) and (2)] will now be used in a further analy- 
sis of experimental data. The application of these results to 
spinning-top type molecules is founded on the assumption 
that differences between the structures of resolved Q- 
branches of molecules of different type have no effect on the 
overall behavior of the shape of the completely filled-in pro- 

According to (1) and (2), the function y(N) can be writ- 
ten in the form 

CR dy r ( N )  = y ~  ( N )  +yv ( N )  = - + -Y N ,  
N  dN 

UJ 
D 1/0 BO 12U 

N, amagat 

FIG. 3. CH,: density dependence of the frequency at maximum of the Qol- 
branch profile and of the contribution due to rotational relaxation. 
Dashed line-asymptotic behavior of the shift of the maximum at high 
densities. 

where CR = 4 ~ c s i ~ N  is the rotational relaxation con- 
stant. Analysis of experimental data based on (6) for N 2  40 
amagat yields the following values for the coefficients: 
C, =8.3+0.3 cm-' amagat and dy,/dN=(1.12 
+ 0.02) x cm- ' amagat- '. The upper part of Fig. 2 

shows the function y, (N)  obtained by subtracting the vibra- 
tional contributions (dy,/dn)N from the experimental val- 
ues of y(N). For comparison, we also show the y, = C, /N 
curve predicted by perturbation theory. We note that, for 
densities N 5 40 amagat, the experimental function y, ( N )  is 
not monotonic but exhibits a number of small oscillations 
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TABLE 11. 

marnagat 

1.12*0.02 0.95*0.02 0.12*0.03 3618 

Gas I ( d b  yidN).iOz, u ~ . i O ' ,  cm2 
cm-'.amagatrl mamagat 

CHI - (1.73k0.03) 0.245*0.009 
CH4+Ar - (0.63*0.01) I - 

0.245*0.009 
SiH,+Ar 0.09 

that can be related to the complex structure of the Qo,- 
branch. 

We have used (3) and (4) to calculate the vibrational 
relaxation constant Nry  and the corresponding broadening 
cross section uY,. Assuming that the contribution to the 
width y, of the individual components of the Qol-branch 
that is due to vibrational relaxation is determined by the 
quantity (dy,/dN)N, and eliminating it, we obtain the rota- 
tional relaxation constant Nr  and the cross section a: for the 
broadening of the individual J-components by rotational in- 
elastic collisions (Table 11). 

At the same time, knowing CR , we can use (1) to calcu- 
late the constant NrE for the rate of relaxation of rotational 
energy, and the corresponding cross section 0,. The values 
of these quantities are also listed in Table 11. We note that the 
resulting values of the rotational relaxation constants NrE 
and NrR differ by a factor of 2. This difference may be due to 
the fact that NrR characterizes the changes in rotational 
angular momentum produced by collisions, and the scale of 
these changes is determined by the strength of the collisions, 
whereas NrE characterizes the evolution of the Boltzmann 
equilibrium over the entire ensemble of J-states. 

When methane is diluted with argon (the density of 
NcH4 was 5, 19, and 30 amagat), it is also possible to isolate 
contributions to the width y of the Qol-branch profile that 
are due to rotational and vibrational relaxation resulting 
from CH4-Ar collisions. For the quantitative analysis of ex- 
perimental data on y(NcH4, N,,) (Fig. 4), we use an expres- 
sion such as (6) which is obtained if we recall that yR -rE,  
y, -rV-', and the corresponding vibrational and rota- 
tional relaxation times are determined by 

where r- l(CH4) - NCH, and r-'(CH, - Ar) -N,,  are the 
CH4-CH, and CH4-Ar collision frequencies. We have used 
(3),  (4), (6), and (7) to calculate the quantities dy/dNA,, 
N ,, rE (CH4-Ar), NA, rV (CH4-Ar), UE (CH4-Ar), and 
u v Y  (CH4-Ar). These are also listed in Table 11. 

For the same densities NcH4 we measured vm as a func- 
tion of NAr.  It is clear from Fig. 4 that this is a nonlinear 
function for low dilutions, but becomes linear for 
NA, 2 NCHI, and the slope is the same for all the curves. This 
slope determines the magnitude of the vibrational shift coef- 
ficient dA ./dNA, or, according to (5), the cross sections 
d,(CH,-Ar) (see Table 11). The observed nonlinearity of the 
shift in argon is independent, to within experimental error, 

of the initial density NcH4, and is a function of only the ratio 
NAr/NcH4, so that 

where K ~ c o n s t  = dA ./dN,, for NA,/NcH4 ) 1 (see Fig. 5) 
and occurs for NcH4 densities for which, in pure methane, 
the nonlinear contribution to the shift AR has already satu- 
rated. It may be concluded that, when methane is diluted 
with argon, the nonlinear shift of the Qol-branch maximum 
is due to the shift of the vibrational frequency v,. At the same 
time, the change in v, of the methane molecules becomes 
sensitive to the presence of argon when its density exceeds 
the density of methane. 

5. The behavior of the shape of the Qol-branch of silane 
at high densities (up to 150 amagat) was investigated for a 
mixture of silane and a buffer gas (argon). The NsiH4 density 
was 1 amagat. It is important to note that, for high relative 
densities of NA,NsiH4, the experimental CARS spectra are 
distorted by interference between cubic nonlinear suscepti- 

NAr , amagat 

FIG. 4. CH, in Ar: broadening and shift of the frequency at maximum of 
the Q,,-branch profile as functions of the density N,, :O-N,,. = 5 ama- 
gat, C N c H 4  = 19 amagat, N . , .  = 30 amagat. Solid line-pertur- 
bation theory calculations, dashed line-contribution of y, (bottom) and 
asymptotic behavior ofthe shift ofthe maximum for high N,, (NCH4 = 19 
amagat). 
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FIG. 5. CH, in Ar: the shift function [urn (N,,., N,,) - urn (NcqA)]/Np, 
for the Q,,-branch profile maximum plotted against the gas density ratio: 
O--Nc,. = 5 amagat, C N , , .  = 19 amagat, E N , , .  = 30 amagat. 

bilities, i.e., the resonance susceptibility of the SiH, mole- 
cules and the nonresonance succeptibility of the Ar atoms 
(Ref. 1, pp 310-370 of Russ. original and Ref. 18). The pro- 
file widths and the frequencies at maximum shown in Fig. 6; 
were obtained by analyzing experimental spectra with 
allowance for this effect. 

For N,, densities in the range -0-40 amagat, the pro- 
file is finally filled in, and the original Qol-branch of SiH, 
undergoes symmetrization at N,,,+ = 1 amagat, so that for 
N,, 2 40 amagat, the shape of the Qol-branch is nearly Lor- 
entzian. As N,, increases, the profile width also increases, 
reaching a maximum for N,, 2 2 5  amagat. Thereafter, for 
N,, - 25-80 amagat, the width decreases, but the profile be- 
gins to broaden again at high densities (Fig. 6). The maxi- 
mum shifts towards lower frequencies in the direction of the 
center of gravity (which is separated by the amount vQ- 
vl = - 2.2 cm-' from the frequency vl = 2186.87 cm-I), 
and the rate of shift decreases monotonically with increasing 
density. 

The measured functions y(N,, ) and vm (N,, ) for silane 
in argon show evidence of both the collisional narrowing 
effect and vibrational relaxation. The characteristic feature 
of the spectral manifestation of collisional narrowing is the 
presence of a maximum on the function y(N) in the CARS 
spectrum which, according to Ref. 8, should occur for densi- 

N,,, amagat 

FIG. 6. SiH, in Ar: width and frequency at maximum of the Pol-branch 
profile as functions of N ,, (N ,,,, = 1 amagat). 

ties for which f = (2acSQ rJ)-' = 0.5. In the experimental 
spectra, this maximum occurs at N A ,  ~ 2 5  amagat. By com- 
paring the dimensionless parameter r with the densities N,, 
in the corresponding theoretical and experimental widths 
and profile shifts, we can show that NAr rJ (SiH,-Ar)=O. 17 
ns-amagat, and that the experimental data were obtained for 
densities N,, that corresponded to the "beginning" of colli- 
sional narrowing ( r 5 3 ) .  Analysis of experimental data 
within the framework of perturbation theory (which is valid 
for r 1) for densities satisfying this condition, yields the 
following estimated values of the coefficients C, and dyv/  
dN,, [see(6)]: C, -887cm-' amagat anddyv/dNA, e0.003 
cm-leamagat-'. From (I) ,  (3), and (4) we then obtain the 
values of N,, rE (SiH,-Ar), N,, rV (SiH,-Ar), uE (SiH,-Ar), 
and u v Y  (SiH,-Ar) (see Table 11). 

6. Thus, our studies of the behavior of the Qol-branch 
profile of CH, and SiH, molecules have shown that the spec- 
tral manifestations of the rotational relaxation of these po- 
lyatomic molecules and the linear molecules appear to be 
qualitatively similar, and have cross sections of the order of 
the gas-kinetic values. At the same time, the polyatomic 
molecules that were investigated exhibit an appreciable in- 
crease in the vibrational relaxation cross sections. 

We have shown that the use of high-resolution coherent 
Raman spectroscopy has enabled us to follow the details of 
the qualitative changes in the shape and shift of line profiles 
at both low and high gas pressures. This approach ensures 
experimental precision that is sufficient to yield quantitative 
data on rotational and vibrational relaxation times of com- 
plex molecules. 

The authors are greatly indebted to V. A. Alekseev and 
S. I. Temkin for fruitful discussions of the results and also to 
S. I. Mednikov for assistance in the numerical processing of 
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