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Band shapes in CARS: Background effects and overlapping

resonances?
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Quantitative intensity measurements are reported for the CARS spectra of the symmetric stretch (v;)

mode in liquid CH;l, the totally symmetric stretch (v,) in liquid CCl, and the Q branch for the vibration
mode of gaseous N, at a series of densities. Calculations of the observed band shapes were carried out for
both polarized and depolarized bands of CH;I, for the band in CCl, and for the N, Q branch at the three
lowest densities. Good agreement was obtained after the calculated band shapes were adjusted by varying
the values chosen for the nonresonant susceptibility, and for the relaxation times of the vibrational

normal coordinates and the reorientation (for the depolarized band). Relaxation times for the liquids and
collision broadening factors for the gases are listed; in most cases, the values obtained are more accurate
than the corresponding numbers from spontaneous Raman spectra. The problems involved in calculating
CARS intensities in the presence of nonresonant susceptibility and overlapping resonances are discussed.

. INTRODUCTION

Although theory''? indicates that the generation of co-
herent antistokes Raman spectra (CARS) is governed
by the same resonances in the optical susceptibility
that give rise to ordinary spontaneous Raman, there
are several features in the detailed expressions for the
intensities of the two spectroscopies that give rise to
significant differences in the dependence of intensity
on frequency, especially when one has overlapping bands
or significant background intensity. This paper is de-
voted to a study of some of these effects. Parts of the
vibrational CARS spectrum were measured for three
systems: the polarized and depolarized bands for the
symmetric stretch of liquid CH,I at 526 cm™, which
has an appreciable hot band intensity overlapping the
fundamental; the polarized band for the symmetric
breathing mode of liquid CCl, at ~ 456 e¢m™! which is an
isotopically split band with overlapping combination
bands; and the partially resolved polarized @ branch of
gaseous N, at a series of densities. In the first two
cases, the spectral widths are considerably larger than
the linewidths of the lasers used to generate the signal,
which enables one to use a simplified version of the
theory in which instrumental sources of broadening are
included in an approximate way. The @ branch studies
cover a density regime in which the intrinsic width of
a spectral line goes from considerably smaller than
the laser widths at low density to values at high density
that are large enough to cause the spectrum to merge
into an unresolved band of width much larger than the
laser widths. (Only the low density spectra were
analyzed theoretically in this paper.)

Data were obtained using a relatively conventional
“three-color” arrangement in which a pump laser with
fixed frequency w; and a frequency-scanned Stokes
laser at w, are focussed together into the sample, thus
generating a CARS beam with frequency w,,= 2wy — wy.
When w=w; ~ w, €quals a Raman frequency w,, a reso-
nance in the optical susceptibility causes a striking
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enhancement in the intensity of the CARS beam. In

the present experiments, the w, are vibrational fre-
quencies. However, the resonances are not infinitely
sharp, primarily because interactions between the vi-
brating molecule and its neighbors interrupt the simple
harmonic oscillation by producing both dephasing within
a single quantum state and transitions between vibra-
tional quantum states, The rotational wings observed
in depolarized Raman vibration-rotation spectra also
contribute to the CARS spectra. However, in the
polarized bands of CCl, and CH,l studied here, these
wings are weak compared to the central line arising
from transitions with AJ=0 (where J is the rotational
quantum number).

The time-correlation function formalism leads to an
expression for the frequency dependence of the vibra-
tion—rotation CARS signal [ ,g¢(w) which is valid
whether or not the rotational wings are significant, 3
We write this expression as
2

N Z:, (GTAN fom C,(t) et dt +iB*| , (1)

Icams (‘*’):G

where A, = w ~ w, and the sum runs over all vibrational
transitions that contribute to the observed CARS band.
For fundamental vibrational transitions, terms in the
sum are generated when transitions due to molecules
in thermally excited vibrational states are significant;
a sum over all the split fundamentals is also needed
when the molecules are not isotopically pure. In Eq.
(1), B* is proportional to the electronic background
susceptibility, while G, related to the frequency of the
incident radiation and energy-momentum conservation,
is a slowly varying factor which can be taken as con-
stant over the range of a vibrational spectrum. C, (f)
is the appropriate time correlation function for the kth
resonance of transition frequency w,. Note the CARS
intensity is related to the number density difference
N(6f ), between the two levels involved in the CARS
process.? When only one resonance contributes to the
sum in Eq. (1), and w,> kT so that &f,=1, then, in
the absence of appreciable electronic background, the
CARS intensity distribution is essentially the square
of the corresponding spontaneous Raman spectrum,
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The polarized Raman spectral band shapes for these
vibration—rotation transitions are given by a similar
time-correlation function formalism:*

Inaman (@) N Xk: fa 4{0 T () cos(a,t)dt. @)

Of course, the fact that the various contributions to the
Raman are additive makes it easy to separate them and
thus to determine C,(t) by Fourier transform of the
appropriate Igama.(w). Numerous studies of the C,(¢)
have been reported for simple liquids and in particular
for the modes of CH3I%"? and CCl, 1! studied in this
work. Vibrational relaxation functions are currently
the object of much theoretical interest!? because they
contain information concerning the mechanisms for vi-
brational relaxation. For the CCl,; and CHyl fundamental
transitions studied in this work, the spontaneous Raman
studies show that the C, () can be taken to be simple ex-
ponential decays (with decay constants that are a mea-
sure of the vibrational dephasing time); we will also
take them to be independent of 2, which should be quite
accurate for isotopic splittings but somewhat less so
for a hot band compared to the fundamental. Thus,

C, t)=exp(-t/1). 3)

In the absence of rotational relaxation, one then finds

NE 070 (e ) i

TTY+ A

2

4)

Ioags (W)

The real part of the electronic susceptibility is assoc-
iated with two-photon absorption. Since the frequen-
cies of the lasers used in this work lie far from any
electronic transition, it is possible to take iB* to be
pure imaginary and constant over the range of the mea-
sured spectral bands. Since the CARS intensity is re-
lated to the square of the sum in Eq. (1), the nonreso-
nant electronic susceptibility produces cross terms with
the resonant part. As a result, not only does the pro-
portionality between the observed CARS intensities and
the square of the number density of the resonating mole~
cules break down, but the line shapes and heights are
much more complicated than one would calculate for a
series of nonoverlapping Lorentzian Raman bands.

It is the purpose of this paper to describe experi-
ments which display the effects of overlap of vibra-
tional transitions and interference between the vibra-
tional resonances and the electronic background, and
~ to attempt a quantitative interpretation of the measured
spectra.

Il. EXPERIMENTAL

A schematic diagram of the apparatus is given in an
accompanying paper. !* One of the dye lasers used to
excite the CARS spectra was constructed at Penn State.
It was held at fixed frequency while a second Molectron
dye laser was scanned. Both lasers were pumped by a
Molectron nitrogen laser producing ~ 0.5 MW pulses.
The two visible dye laser beams were made collinear
with a dichroic mirror and focused into the sample.
Wave vector matching between incident and generated
beams means that the generated CARS beam is col-
linear with the incident beam. Consequently, the sig-
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FIG. 1. The root mean square fluctuation in the average CARS

signal obtained in the boxcar integrator from a sequence of
laser pulses is plotted as a function of the time interval over
which data are acquired. Since the laser pulse rate is 10 shots/
sec, a time constant of 3 sec corresponds to an average over

30 shots. The value of the fluctuation at a time constant of 0.1
sec primarily reflects the effect of shot-to-shot fluctuations in
laser power and pulse shape upon the CARS signal.

nal was passed through a double monochromator for
filtering of stray laser light and any superradiance pro-
duced by the dye lasers. The monochromator was thus
scanned in parallel with the Molectron dye laser. Scans
covered the relatively narrow ranges in frequency as-
sociated with the wings of the vibrational bands under
investigation. After photomultiplier detection, the
signal was boxcar averaged and displayed on a chart
recorder.

One problem that must be solved in any attempt at
quantitative intensity CARS measurements is the varia-
tions in signal from shot to shot of the input lasers.
These variations arise from changes in input laser
radiation which are magnified by the nonlinear re-
sponse of the system, and from changes in the spatial
and temporal overlap of the focused radiation in the
sample. The degree of overlap is highly sensitive to
fluctuations in refractive index and thus can be quite
important for liquid samples. Consequently, the aver-
aging of the generated signal was first done using a
variable number of laser pulses in order to determine
the dependence of the fluctuating average upon the
number of pulses. Figure 1 shows this dependence for
a typical case. Slowly varying fluctuations in signal
were also observed, but we believe these to be due
to refractive index variations in the sample which can
be due to local fluctuations in temperature. From a
number of plots such as that shown in Fig. 1, it was
concluded that averaging of ~30 shots was sufficient
for the liquids to give intensities that had precisions
of a few percent; essentially the same number of shots
was needed in the gas phase studies because the im-
provement due to absence of refractive index fluctua-
tions merely compensated for the weaker signal from
the dilute medium.
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FIG. 2. The experimental polarized CARS spectrum of the v,
band of liquid CH;I is shown by the crosses and the fitted theo-
retical spectrum, by the solid curve. The relative value of the
square of the nonresonant susceptibility is shown by the hori-
zontal line and the cross term between the resonant and non-
resonant parts by the dotted line, Experimental spectra in
this and other figures have been normalized to give unit in-
tensity at the peak. The zero of the frequency scale is chosen
to correspond to the maximum in the spontaneous Raman spec~
trum. In general, the peak in CARS does not occur at the same
frequency as the peak in the spontaneous Raman; in this spec-
trum, for example, the CARS peak occurs at a frequency shift
0.5 cm™! smaller than the spontaneous Raman value.

A. Methyl iodide

The polarized CARS spectrum of the v; vibration in
methyl iodide is shown in Fig. 2. The prominent
shoulder on the low frequency side of the main peak
is a hot band, shifted due to anharmonicity, This C-I
stretching motion has a frequency of 526 cm™!; con-
sequently, at room temperature about 13% of the mole-
cules are in the v=1 vibrational level. As expected
from its linear dependence on number density [ Eq. (2)],
the spontaneous Raman hot band intensity directly re-
flects this population. % In the CARS spectrum, how-
ever, the maximum of the hot band has ~ 44% of the
intensity of the main v=0 peak. This anomalously
high intensity results from the fact that the peak in
the susceptibility for the hot band lies on the imaginary
wing of that for the main band. The combination of this
imaginary susceptibility with the nonresonant back-
ground produces an intensity enhancement. It is gen-
erally true that the enhancement will occur on the low
frequency side of a resonance, along with a reduction of
intensity on the high frequency side, since B*>0 as
defined in Eq. (1). Figure 2 also shows a calculated
band shape obtained from

4 L
Icus(w):lz w+1) W, _N"‘)L RGN

v={
2

, (5)

where hot bands up to v=4 were included (the con-
tribution from v =2 is certainly appreciable);

N, =exp[ - (v+1/2) hw, /kT] (6)
and

x et ewn)t gy 4 iB*
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w, = 21 [526 — v(7. 2)] (sec™?). )

The second term in Eq. (7) represents the shift of the
hot band frequency due to anharmonicity. The “best-
fit” value of the vibrational relaxation time was 7,
=1.91x 0.1 psec. This correlation time would give a
spontaneous Raman band with a HWHM = 2.8 cm™!.
Bartoli and Litovitz® have measured a HWHM = 2. 6 cm™!
for the Raman band; other workers have found slightly
narrower widths.?' "8 To obtain these Raman values,
the spectrometer resolution must be deconvoluted from
the spectrum. In CARS the instrumental resolution

is limited by the laser half-widths, which are ~0.15
+0,05 em™! in our experiments. In fact, if both the
lasers and the experimental lines are approximately
Lorentzian, one can subtract'! the sum of the laser
widths from the value of 2.8 cm™! to obtain an estimate
of the spontaneous Raman band width of 2.5+0.1 cm™?,
in reasonable agreement with the directly measured
values.

In order to show the relative importance of the back-
ground and the cross term, both of these contributions
to the total spectral intensity are shown in Fig, 2. It
is evident that the constant backgroimd contribution
is small but nonnegligible, whereas inclusion of the
cross term is quite significant, primarily because of
its variation with frequency.

In addition to the polarized spectrum, a depolarized
CARS spectrum was obtained for v; of liquid CHjl by
setting the planes of polarization of the pump and the
Stokes laser at a 90° angle, This spectrum is shown
in Fig. 3, together with a curve calculated from Eq.

(P8}
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FIG. 3. Depolarized CARS spectrum for the same vibration—

rotation band as in Fig. 2. Notation for the curves is also the
same as in Fig. 2. This spectrum is obviously less sharply
peaked than the polarized band, just as in the spontaneous
Raman. {In both cases, the purely vibrational peak is absent
from the depolarized spectrum.) The shift of the CARS peak
relative to the spontaneous peak is here —3.5 cm™t. (This
does not mean that the vibrational resonances in the CARS and
the Raman susceptibility occur at different frequencies, but
that the background and overlap terms in the CARS intensity
combine to distort the spectrum so that the CARS peak no
longer coincides with the point of maximum resonant suscep-
tibility.)
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TABLE I. Electronic susceptibility for liquid CH,l.

Polarized Dépolarized
B* (see) 5.3% 10713 9. 7% 10713
N (do/d) (cm™) 2.6x%107 9.9x 1078

1.38x% 10" cm®/erg sec
1.3x 107

2 c*/nwh (at 580 nm)

Xy (cm’/erg) (at 580 nm) 1.9x10712

(7) using a depolarized relaxation time of 1.0+0.1

psec and best-fit background and cross-term contribu-
tions that are also shown in the figure. This spectrum
is comparable with the depolarized spontaneous Raman
band for v;, which lacks a @ branch (i.e., a pure vibra-
tional component). The depolarized Raman band is
much broader than the corresponding polarized Raman
band because its width is obtained by Fourier trans-
forming the product of the vibrational and the rotational
time-correlation functions (if vibration-rotation cou-
pling is neglected). Analysis of the spontaneous Raman
band shapes and other experimental studies of molecu-
lar rotation in this liquid leads to the conclusion that
the relevant orientational time correlation function is
nearly exponential with a decay time of 1, 6 £0. 2 psec.
If we assume that all shapes are Lorentzian, the ex-
perimental depolarized time is given by the reciprocal
of the sum of the contributions due to reorientation,
vibrational relaxation, and “instrumental” width, Thus,

1 1 2\!
T“:<T._6+2—.6+§§> ®)

=0.85+0, 2 psec.

15

This predicted time agrees well with the value chosen
to fit the CARS spectrum. Note that corrections for
laser width are less important for the broader de-
polarized band than for the polarized. It should be
emphasized that good fits to the depolarized CARS

INTENSITY

WAVENUMBERS

FIG. 4. The experimental CARS spectrum for the v, of pure
liquid CCl, is shown by the crosses. The three peaks are due
to the three major isotopic species and the solid curve shows
a calculated spectrum. The intensity due to B? is neglibible
on this scale. B is the (imaginary) nonresonant susceptibility.
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FIG. 5. The same band as shown in Fig. 4, but for a solution
which is 67% CCly by volume in acetone. The main difference
in the two is that the nonresonant background is larger here
relative to the resonant signal than in Fig. 4. The horizontal
line indicates the intensity due to B?.

spectrum could be obtained for a wide range of 7,
and B* values, so that the uncertainty in both of
these parameters is quite large—at least = 50%. Nu-
merical results obtained in this study are summarized
in Table I. Values of the imaginary part of the elec-
tronic background susceptibility used to fit the data

are listed in Table I; these were obtained by substituting
the known spontaneous Raman cross sections (do/df2)
into the equa.tion2

_ 2Nc4(d0) N
an—m 4an B*, (9)

where B*? is equal to B? times the maximum CARS in-
tensity. Values of B? chosen to fit the experiments on
CHgl are shown in Figs. 2 and 3. Finally, we note
that our values of A, are not quite the same as the
maxima observed in the CARS intensities because the
cross term involving the nonresonant susceptibility
changes sign at 4, .

B. Carbon tetrachloride

Polarized CARS spectra for the (4,, )v; mode of
carbon tetrachloride are given in Figs. 4-6. The
isotopic splitting of the spontaneous Raman band
gives rise to the three peaks observed in the CARS
spectra. These are due to the three most probable
isotopic species, which are C35C14 (molefraction=0.33),
C%C1,*"C1 (mole fraction=0.42), and C¥C1,%'Cl, (mole
fraction=0. 21). The experiments on this system were
undertaken primarily to illustrate how changes in the
relative background susceptibility can affect the iso-
topic peak intensities. Thus, solutions with varying
concentrations of CCl, in acetone gave the spectra
shown in Figs. 5 and 6. The cross term between the
resonant term and the background is the product of B*
and the sine transform of the vibrational correlation
function. This correlation function was taken to be
exp(- ¢/7), with a single relaxation time regardless of
isotopic species. However, regardless of the detailed
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FIG. 6. The same band shown in Figs. 4 and 5 is plotted here
for a solution which is 50% CCl, by volume in acetone. Note
that this level of dilution does not appear to affect the appear-
ance of the peaks. In fact, all parameters in the calculated
curves were taken to be essentially the same in Figs. 4, 5,

and 6 except for the relative magnitude of the nonresonant part
of the susceptibility. The contribution of the nonresonant back-
ground indicated by the horizontal line is noticeably greater
than in Figs. 5 or 4, as one would expect.

nature of this decay, the resulting cross term in the
intensity changes sign as the frequency is scanned past
the value for the most intense peak (which has been
taken to be zero wave number in Figs. 4-6. The actual
Raman shift of v, is 458.4 cm™* for the most abundant
isotopic species). Since dilution of the CCl, enhances
the relative magnitude of the background, the intensity
of all peaks at lower frequencies than zero should in-
crease, which is clearly evident in the figures. Indeed,
at 50% dilution by volume with acetone, the less abundant
C¥cC1,%'Cl, species actually produces a more intense
peak than that from C¥Cl;. The magnitude of B*? is
indicated on the figures, except for pure CCl,;, where
B*? is too small to be seen on the scale of the figure.
Just as in the case of the CHyl spectra, the cross terms
are much more important than the pure background con-
tributions to these spectra.

Also shown in the figures are theoretical spectra
{fitted to the observed results in the following way: A
value of T=4, 5 psec was chosen to fit the linewidths
of all the peaks. For each system, a value of B* was
selected which gave relative heights for the peaks at
3.05 cm™! and at -3.05 em™! (& 0. 05 cm™!) which agreed
with the experimentally observed ratio. The spectra
were then calculated as a function of frequency. The
resulting curves shown in Figs. 4~6 are evidently not
in perfect agreement with the experiment. In addition
to contributions due to the less abundant isotopic species,
the spontaneous Raman spectra!®*! show that the v,
band is flanked by a pair of weak difference bands at
about 447 and 474 cm™! (i.e., at frequencies shifted by
—11 and + 16 cm™ relative to the zeros in Figs. 4-6).
Since we have not attempted to allow for these bands
in the calculated CARS spectrum, one should not be foo
surprised to find deviations from the experimental
curves. However, the figure indicates that most of the

C. M. Roland and W, A. Steele: Band shapes in CARS

intensity observed at shifts less than — 6 cm™ is not
due to the fundamental band. It seems likely that the
excess intensity at negative shifts is due to the com-
bination band at 447 cm™!. Note that the sign of the
cross term between the resonance and the background
will give positive contributions to the intensity at nega-
tive frequency shifts, but negative contributions on the
other side of the zero. Thus, one can readily account
for the observed asymmetry in the wings of the CARS
band.

Measuremeants of the liquid phase spontaneous Raman
polarized v, band indicate a Lorentzian half -width of
1.2 em™!, with an instrumental broadening of 0.5 cm™',
This yields an estimated vibrational relaxation time of
7.6 psec, with an uncertainty of roughly 3 psec. When
our value of 4.5 psec is corrected for the instrumental
broadening due to finite laser linewidth, the CARS ex-
periment yields 6.0 0.8 psec. We believe that this
value of vibrational relaxation time is certainly more
precise than that obtained from the spontaneous Raman;
we believe that it is also more accurate, primarily be-
cause the spectral resolution is considerably higher
in the CARS study. Another interesting consequence
of the high resolution capability is that the isotopic
splittings could be determined to high accuracy (+ 0.05
em™), together with the shifts of the peaks with changes
in concentration. In particular, it was observed that
the peaks shifted by + 0. 25 em™ and 0,40 cm™ in going
from pure CCl, to the 67% and 50% solutions, respec-
tively.

C. Nitrogen

Polarized CARS measurements of the partially re-
solved @ branch of nitrogen gas at a number of densi-
ties are shown in Figs, 7-10. Of course, a @ branch

[== B
>
—
PN
=t «
w a9
—
=
(o=}
= 7] T T T 1
2321, 2324, 2327. 2330, 2333
SHIFT IN WAVENUMBERS
FIG. 7. The crosses show the experimental CARS measure~

ments of the @ branch of the vibrational spectrum of N; at 1

atm pressure and the smooth curve shows a calculated spectrum.
In this case, essentially no fitting parameters were available,
since the intensities are obtainable from the spontaneous Raman
expressions for @ branch lines and the intrinsic widths of the
lines is negligible compared to the known laser line widths.

(As noted in the text, some of the parameters of the calculations
were “fine tuned”; ie., adjustments within experimental uncer-
tainty were required to give the best fit between the calculated
and the measured spectra.)

J. Chem. Phys., Vol. 73, No. 12, 15 December 1980
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FIG. 8. The crosses show the experimental CARS @ branch

of N; at a density of 2,5 amagat(= 40 psia) and room tempera-
ture. The solid curve is a calculated spectrum fitted to the ex-
periment using the same parameters (@ branch splitting, in-
tensity ratio, and laser linewidths) as in Fig. 7, except that the
collision-broadened intrinsic width of the @ branch lines was
adjusted to give the best fit to the spectrum at large J (i.e.,

in the region 2325-2329 cm™),

at low density consists in a series of vibrational lines
(aJ=0, Aav=1) separated in frequency due to the change
in rotational energy with vibrational state. When inter-
molecular forces are unimportant, the transition fre-
quencies in the @ branch are given by

W)= wyp - aJ+1), (10)

where wyy is the vibrational frequency and the coupling
constant o, is a measure of the change in moment of
inertia (and thus in rotational energy) with vibrational
state. We here take o, =0.0178 cm™! for N,, compared
to a literature value of 0.0173 cm™!, V7

As the density of the gas is increased, intermolecular
interactions will perturb both the vibrational and the
rotational state of a molecule. The frequency and width

[os]
=7 ‘*
:
>
—
RN
= +
W o
—
=
= _J RPN — L] USE
= T i T 1
23%21. 2324. 2327. 2330, 2333

SHIFT IN WAVENUMBERS

FIG. 9. Same curves as in Fig. 8, but measured at a density
of 4.0 amagat.
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FIG. 10. Experimental measurements of the unresolved CARS

@ branch spectra of N, at several values of the density (indicated
next to the appropriate curve, in amagat units). The intensity
of the curve for the highest density was normalized to unity at
the peak; other intensities are plotted relative to that value.

The rapid increase in intensity is primarily a consequence of
the dependence of CARS intensity upon the square of the density.

of the vibrational transition will change, primarily as

a result of the isotropic part of the interaction plus a
contribution due to coupled vibrational motions. !® In
addition, the rotational energy levels are broadened due
to the anisotropic intermolecular potential.!® Conse-
quently, the broadening of the individual @ branch lines
is a result of perturbations to botk the vibrational and
rotational states, However, the broadening is colli-
sional and thus will be proportional to density at low to
moderate densities. A successful determination of the
linewidths will allow one to extract a cross section for
the overall process. The CARS spectra shown in Figs.
7 and 8 show that this will be difficult even at low den-
sity. If narrow-line laser sources such as those used
by others!®® were available for our study, measure-
ments at densities less than 1 amagat would show suf-
ficiently high resolution to simplify the calculation of
collision cross section. However, Fig. 8 shows that
the intrinsic broadening begins to give appreciable over-
lap of neighboring lines even at 2 amagat.

When the lines in the @ branch are partially over-
lapped, the situation is complicated. The broadening
due to anisotropic forces is a function of the degree of
spectral overlap; this in turn depends on which rotation-
al states are involved. A CARS resonance extends
further from the line center than the corresponding
Raman signal due to the imaginary part of the sus-
ceptibility. Greater overlapping of neighboring sus-
ceptibilities results (although destructive interference
may result in less intensity overlap). This overlapping
will amplify the anomalies in the line broadening.

As the density is increased further, the inverse of the
collision time approaches the frequency spread of the
lines. For complete overlapping, collisions no longer
give rise to rotational broadening. The @-branch band-
width thus remains essentially constant with density

J. Chem. Phys., Vol. 73, No. 12, 15 December 1980
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until the collision frequency becomes so high that the
molecules pass through many rotational states during
one Raman scattering process. When this occurs an
“average” frequency is radiated, and hence the band-
width is seen to decrease with density. Figure 10 in-
dicates that we have not reached the collision narrowing
regime {for the CARS @ branch) at the highest density
studied.

We have carried out computations of the intensities
of these spectra for only the three lowest densities.
In these systems, one must treat quantitatively the
effects of laser linewidth, which is essentially a
Gaussian distribution of frequencies with half-width
of ~0.13 em™, (The Lorentzian approximation used
previously is a simplification that is valid only when
the measured line widths are considerably larger than
those of the lasers.) Since the nonresonant background
susceptibility can be neglected in the low density gases,
we will attempt to calculate these @-branch spectra

from13: 14
ZS(J)fm gre it itomapt gy
J 0

where w, is calculated from Eq. (10). The intensity
factor 9(J) is given by*!

11)

Icaps (W)

_ JW +1) ) <-E(J))
S(J)_(16.2+ RS 0,(2J +1)exp 7 ilz)
E(J) is the energy of the Jth rotational state:

EW)=JW +1)By - J2(J +1)2D,, (13)

where the rotational constant B, and centrifugal stretch-
ing constant D, have the values!’

By;=1.9896 cm™, Dy=5.76x10"% cm™

and o, is the nuclear spin weight. The value of
16.2 for the trace scattering is determined from the
value of the depolarization ratio (0.055 for natural
light),?* and the constant ¢ is a measure of the fre-
quency spread of the laser light.!* Note that the
weak peaks for odd J values are not resolved in any

of the experimental spectra even though they can be
seen at high J in the calculated @ branches for the two
lowest densities. The peak at 2327 cm™! is Q(12);
toward the center of the spectrum, Q(6) is resolved only
at the lowest density and none of the lines for smaller
J can be resolved at all. At the lowest density, the
resolution is limited by the laser linewidths and one
can say only that the intrinsic widths of the @ branch
transitions is less than a few hundredths of a wave
number, The effect of collision broadening on these

@ branch lines at higher densities was included by in-
serting a factor exp(-¢/7) in the time integral of Eq.
(11); this is equivalent to assuming Lorentzian lines in
the spontaneous Raman with half-widths = 2rcr)!
(cm™!). Fits to the experimental spectra at high J are
shown in Figs. 8 and 9. Values used for the Lorentzian
half-widths were 0.07x0.02 cm™! at 2. 5 amagat and
0.14: 0.02 cm~! at 4.0 amagat. (Since this width
should be proportional to density in this range, one
can extrapolate to a value of 0.030.02 cm™ at 1
amagat, which is negligible compared to the instru-
mental widths, consistent with the results shown in
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FIG. 11. A comparison between two of the experimental @
branch bands of Fig. 10 and fitted Lorentzian band shapes.

The data are shown by crosses and the smooth curves show the
Lorentzians for the highest (32. 8 amagat) and a low (12.4
amagat) density. Evidently, the Lorentzians cannot give a per-
fect fit, especially since these experimental curves are still
asymmetric relative to the central frequency at ~ 2329 cm™! (in
the limit of low density, the Q branch lies entirely on the low
frequency side of the pure vibrational peak corresponding to
J=0).

Fig. 7). The lack of agreement between the low-J
parts of the calculated and the experimental spectra
in Figs. 8 and 9 is not unexpected. In this region,
there is considerable overlap of the @ branch lines
even after laser broadening is taken out; theoretical
studies of Raman and infrared line shapes under such
circumstances show that the calculation of intensity
becomes quite complex, % and thus one has no reason
to believe that the simple formulation used here will
adequately describe the CARS experiment.

At even higher densities, all the structure due to
individual peaks in the @ branch is lost, as is evident
in the spectra shown in Fig. 10. We have not attempted
an analysis of the band shapes for these systems; how-
ever, it has been suggested?¥'?®® that the integrated in-
tensity of an isolated CARS band may be used to mea-
sure the concentration of the illuminated molecules. In
particular, if the band is Lorentzian with half-width A,
one finds that the integrated intensity should be propor-
tional to N%/A, where N is the density. The bands
shown in Fig. 10 are only approximately Lorentzian, as
is illustrated in Fig. 11. Nevertheless, values of the
integrated intensity are plotted versus N%/A in Fig. 12.
It is evident that the relationship is not linear in this
range of density. The likely explanations for this be-~
havior include increasingly large effect of nonresonant
background at high density or collision-induced altera-
tions in the Raman susceptibility, as well as experi-
mental artifacts such as systematic changes in the over-
lap volume of the laser pulses in the medium with in-
creasing density or deviations from the assumed Lo-
rentzian shape. (An analysis based on the assumption
of Gaussian shapes gave no better results, either for
the fit to the observed spectra or for the variation in
integrated intensity. )
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FIG. 12. A plot of the integrated intensity of the CARS @
branch spectra for N, as a function of the density squared over
the bandwidth. If these bands are Lorentzian and if there are
no extraneous sources of intensity, the points should fall on a
straight line passing through the origin. Even when reasonable
estimates of the uncertainty in the band width are included, the
experimental results do not conform to this prediction.

We note that Fig. 10 shows a shift in the position of
the peak CARS intensity with increasing density. The
shift is linear in density, with a slope dv/dp= -0, 022
+0,002 cm™/amagat, where v is the N, vibrational fre-
quency. This value is considerably smaller than the
shift of — 0,006 cm"!/amagat obtained by Wang and
Wright®® from spontaneous Raman spectra taken at higher
density. However, their frequencies extrapolate to a
value of 2328.2 cm™! at p=0 which is noticeably lower
than the value of 2329.9 c¢cm™! obtained by others.!"?’
Since the unresolved @ branch exhibits a maximum at a
frequency lower than the vibrational frequency, it is
possible that the small slope of Wang and Wright is the
resultant of a small positive shift due to a decrease in
@ band width and a larger negative shift of the vibra-
tional frequency.

(li. CONCLUSIONS

We have analyzed a number of CARS spectra gener-
ated by systems which display interference effects, due
either to nonresonant susceptibility or to overlapping
resonances or both. In some cases, it was necessary
to carefully treat the effects of finite linewidth in the
lasers used to generate the signals. The agreement
obtained between calculated and experimental spectra
was satisfactory. Although the spectral resolution in
this work is only moderately good by CARS standards,
it is comparable with that obtained in the best spon-
taneous Raman experiments. Consequently, linewidth
parameters obtained for these liquids (and particularly
for CCl,) are often more accurate than those reported
previously.

In addition to the spontaneous Raman studies, !%1! vi-
brational relaxation in the v; mode has been directly
measured in liquid CCl; using picosecond pulse tech-
niques.” A dephasing time of 7.0+0.8 psec and an

5931

isotopic splitting of 2.9£0.15 cm™ were reported, in
good agreement with our values.

Since the coherent nature of the nonlinear process
that generates a CARS signal means that the spectral
intensity results from first summing and then squaring
the contributions to the optical susceptibility, one finds
that relatively small terms in the sum can be quite im-
portant because of the cross terms in the square. As
a result, CARS can be a useful technique for the study
of weak effects. As a case in point, the hot band in the
CH,l CARS spectrum is considerably enhanced relative
to the spontaneous Raman; this obviously facilitates
studies of the shape and position of the hot band as a
function of density or solvent, Our analysis indicates
that quantitative information can be obtained from such
CARS spectra.

It does appear that a better theoretical framework is
needed, especially for the @ branch at high densities
where spectral overlap of individual rotational lines is
extensive (but incomplete); similar problems undoubted-
ly will arise when lines in the O and S branches are
similarly overlapping. However, this is a difficult
problem in any spectroscopy and should not prevent
the successful interpretation of CARS intensities ob-
tained for the vibration-rotation bands of simple mole-
cules in the liquid or in the gas at low density.
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