Abstract
We have obtained fully resolved spectra of the ν1 (Q-branch) band of CF4 at a
pressure of 4 Torr using a variation of stimulated Raman spectroscopy. With
an experimental resolution of ≤0.004 cm-1, no detectable tensor splitting of
the rotational levels exists up to J = 55. The spectrum is readily fit with a
band origin α = 909.0720 cm-1 and a single rotational term
β - β0 = -3.417×10-4 cm-1. We have also observed an underlying hot band,
which we tentatively assign as the ν1+ ν2← ν2 transition, with α' = 909.1997
cm-1 and (β - β0)'' = -3.405×10-4 cm-1.
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We have obtainedfully resolved spectra of the Y, (Q-branch) band of CF, at a pressure
of 4 Torr using a variation of stimulated Raman spectroscopy. With an experimental resolution of ~0.004 cm-‘, no detectable tensor splitting of the rotational levels exists up to
J = 55. The spectrum is readily fit with a band origin Q = 909.0720 cm-’ and a single
rotational term /3 - PO = -3.417 x 10m4
cm-‘. We have also observed an underlying hot
band, which we tentatively assign as the Y, + vz +- r+ transition, with (Y’= 909.1997 cm-’
and (p - PO)’ = -3.405 x 10m4cm-‘.
INTRODUCTION

The recent development of stimulated and inverse Raman processes as techniques for obtaining ultra-high-resolution
Raman spectra has resulted in the
observation of a number of detailed Q-branch spectra of lighter spherical-top
molecules (most notably methane and its isotopic derivatives) (I -3).
In this paper we describe a modification of the apparatus that allows us to probe
Stokes shifts below 2000 cm-‘. This has led to the first observation of a fully
resolved Q-branch Raman spectrum for a heavy molecule. We illustrate the
modified technique by presenting here the inverse Raman spectrum (IRS) of CF,
in the vicinity of the v1Q-branch. This molecule was chosen as a continuation of our
study of the spectroscopy of spherical tops. Although some rotational substructure has been previously observed at high J for other heavy spherical-top molecules, this is the first time in which the J rotational structure for essentially an
entire Q-branch has been fully resolved for such a molecule. We shall include in
this paper results, for the v1 band, and for underlying transitions which we have
identified as the Q-branch of the y1 + v2 t v2 hot band.
EXPERIMENTAL

APPARATUS

The apparatus used for these experiments closely parallels the quasi-cw inverse
Raman apparatus described in Ref. (3). We overlap a pulsed pump laser and a
cw probe laser in a focus in the gas sample and measure the transient signal induced
* This work was supported by the United States Department of Energy.
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on the probe by the pulsed pump. Because the probe laser is on the shorter wavelength (anti-Stokes) side of the pump laser, the observed signal is an induced
Raman absorption of the probe, i.e., an “inverse Raman” signal.
The pulsed pump laser source is a single-mode, electronically scannable cw dye
oscillator (Coherent Model 599-021) which has been pulse amplified to 2 MW by
three dye amplifiers pumped with a frequency-doubled
Nd:YAG laser source.
This system operates at a 10 pps repetition rate and emits pulses of ~100 MHz
spectral width (FWHM) and 6-nsec duration. In order to extend the range of this
IRS technique to lower Raman shifts, the cw argon ion laser probe previously used
was replaced by a single-mode, cw dye ring laser (Spectra Physics Model 380A).
Pumped with 2.5 W from a single-mode argon ion laser, the Rh6G ring laser was
able to provide up to 300 mW output with a linewidth and frequency stability of
+-20 MHz. Amplitude modulation on the ring laser output was found to be excessive
when the argon ion pump laser was operated multimode. However, under singlemode pumping conditions, the noise level was reduced to about twice the shot noise
limit. By using dye lasers for both the pump and probe, one can, in principle,
tune their frequency differences essentially to zero cm-l. In fact, the minimum
practical Raman shift observable will be limited by the means used to separate the
weak cw-probe signal from high intensity pulsed pump light at the detector. The
Pellin-Broca
prism, grating, and pinhole-pair system used here and in Ref. (3)
was found to be perfectly adequate for a 900 cm-l Raman shift. However, a double
grating system in addition to a strongly crossed beam configuration may be required for significantly lower Stokes shifts. Nevertheless, discrimination is still
expected to be orders of magnitude higher than that which is obtained in spontaneous Raman studies (4).
In addition to the different probe laser, the apparatus for these experiments
also differed from Ref. (3) in the manner in which the data was recorded and
analyzed. We have updated the apparatus by digitizing the data in real time and
storing it in a microprocessor-based
data acquisition system. With each laser shot,
this system samples the output of a boxcar integrator, which measures the ratio
of the transient absorption on the probe beam to the incident pump intensity, and
averages an optional number of shots before storing the result. A second input
channel is used to monitor the transmission of unamplified pump light through a
I50-MHz confocal etalon. This channel provides the data set with a sequence of
evenly spaced frequency markers as the pump source is scanned. At the end of a
scan the data are permanently stored on a floppy disk for later retrieval and
analysis. The latter is performed by transmitting the data to a CDC 6600 timesharing system where it is wavenumber scaled and plotted, and peak positions are
identified using a number of interactive programs (5) written in APL.
Absolute wavenumber calibration of the spectra was accomplished by using a
cw wavemeter (6), with a microprocessor
interface, which provided a continuous readout of the wavelengths of both pump and probe sources and their
relative Raman shift. The addition of a phase-locked-loop
frequency multiplier
to the fringe counting electronics (6) of this device increased its resolution to about
5 parts in 108. The standard deviation for a number of measurements of the Stokes
shift is typically 0.001 cm-‘.
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FIG. la. Observed Q-branch spectrum of v, of CF, at 4 Torr, with a 1.5MW pump laser, 300-mW probe
laser. Time constant was 2 set with a total scan time of 45 min.
RESULTS

The inverse-Raman Q-branch spectrum of the vl band of CF, is shown in Fig. la.
The spectrum was obtained at room temperature with 4 Torr of CF, in the sample
cell. Resolution at this pressure was primarily limited by the pulsed-pump-source
linewidth of 80 MHz. The spectrum is most remarkable in its simplicity. It is readily
fit with only two parameters and shows no evidence for higher order terms even
for J > 50.
An expanded spectrum of the band origin region is shown in Fig. 2a. From the
figure it becomes apparent that what appears at first as noise in the compressed
scan (Fig. la) is in fact very structured and periodic. Returning to Fig. la, the
-
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FIG. lb. Simulated spectrum using calculated line positions and a4.1 X 1O-3cm-’ FWHM Voightprofile.
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FIG. 2a. Observed spectrum near the q band origin, showing the weaker vt + Y, + v, progression
identified by primed J values. Operating parameters as in Fig. la with the exception of time constant
which was 10 sec.

periodic appearance of weak peaks is also apparent elsewhere in the spectrum,
particularly betweenJ = 30 and 36 and between J = 40 and 45. We have identified
these weaker transitions as members of the Q-branch of the y1 + v2 t v2 hot band.
We shall show that by including this band in a simulation of the spectrum (Figs.
lb and 2b) we are able to reproduce remarkably well the intensities of transitions
throughout the spectrum.
The first step in simulating the spectrum is to parameterize the measured line
positions of each peak. For a spherical top, these frequencies should be given to
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FIG. 2b. Simulated spectrum with 3.5 x 10m3cm-’ FWHM Voight profile. Note the variation of
intensity from a smooth function of J due to both the presence of overlapping bands and variation of
the spin statistical weights for each line.
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by the expression

(7)

1, = (Y+ (p - PO)J(J + 1) + (y - yO)JZ(J + 1)2 + (E -

lO)(- 1)J

x [(25 - 3)(25 - 2) . +. (25 + 5)]“‘F:{J,,,

(1)

where the final term describes the tensor splitting of a given J level.
Starting with the v1 band transitions, we took 42 fully resolved rotational lines
(J = 10 to 51) measured from nine separate scans similar to that shown in Fig. la.
The assignment of J for these transitions was basically by trial and error, verified
in the end by comparison of intensities. Performing a linear least-squares fit on
this data, we found that we could fit the 42 measured frequencies with an overall
rms deviation of only u = 3.2 x 10e4 cm-’ by using just the first two terms of
Eq. (1). Varying our assignment of J by either + 1 or - 1 caused a fivefold increase
in this standard deviation. The best fit parameters obtained in this manner for
our assigned J were
(Y= 909.0720 ? 0.0001 cm-‘,
/3 - pa = (-3.417

f 0.0006) x 10-4cm-1,

where the uncertainties given are based solely on the “goodness of fit.” Absolute
accuracy of the band origin parameter, (Y, is of course limited by the absolute
accuracy of our wavemeter, which is of the order 0.001 cm-‘. Table I lists the
observed and calculated line positions as a function of./ based on these parameters,
as well as relative line intensities.
With the spectral resolution that we have been able to achieve to date, we have
not been able to determine the last two constants in Eq. (1). For example, attempts
to include a J*(J + l)* term do not improve the fit and result in a value for
(y - 7”) that is smaller than the calculated uncertainty for that parameter. By
making careful measurements for several high J lines between J = 55 and 60, we
have been able to estimate the following upper bounds for the v1 band:
y - y” < 1
E -

e” 5

X 10m10 cm-l

2 X 10-llcm-l

7

(forJ = 55 and resolution 0.0034).

The only difficulty encountered in fitting the hot-band spectrum was in assigning
J for these weak transitions. Fortunately the data provides us with several groups
of transitions spaced fairly far apart where the transitions within each group were
separated by unit changes in J. Again using trial and error, we found a unique
assignment of J for the low-J transitions that correctly predicted the intervals for
the observed transitions at higherJ. Based on these assignments, a two-parameter
fit of 11 measured hot-band transitions resulted in the values
a’

= 909.1997 + 0.0003 cm-‘,

(p - pa)’ = (-3.405

* 0.004) x 10-4cm-1

with a 6.5 x 10e4 cm-l rms deviation for the 11 points. The proximity of this
(p - pa) term to that for the Q band is remarkable. Table II lists the observed and
calculated line positions for this hot-band spectrum, along with line intensities.
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TABLE I
Transition Frequencies

and Intensities for the I+ Band

1
2
5
15
23
24
:z
67
94
110
110
160
160
117
214
231
2
281
2%
:;
334
F$
412
416
398
441
421
419
435
430
4c6
434
4ce
399
404
:6"5
379
352
338
335
319
294
295
2;
251
236
215
212
193
180
In
::;
139

The identification of the hot band depends on the fact that at 300 K there is
25% of the population in the u2 band relative to the ground state as compared to
15% in the v4 band. The spectral intensity ratios best correspond to the v2 hot band.
The anharmonic constant X,, is then
X,, = (Y’ - cn = 0.1277 k 0.0003 cm-‘.
This constant was predicted by Jeannotte ef al. (8) to be 0.92, whereas their
value of XI4 was 0.16.
The discrepancy between our experimental value for XI2 and the calculated
value in Ref. (8) is a result of the near resonance of 2~ and v,. The expression
for XI2 can be written as (9):
XI, = d,I,, +

2c:,,w2
w: - (242

-

3CII,C,,,
6J1

’
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TABLE II

Transition Frequencies

and Intensities for the v, + I+ + v2 Hot Band

__
__
__
__
__
__
-_
__
__
___
__
F9.1476
909.1377
909.1273
!?2$1169
g:ig
909.0838
__
__
__
-_
-_
___
__908:9339
__
__
9&8174
___&i&e
___
______
____________
___-

where the C and d terms are cubic and quartic potential constants, respectively.
The second term above is large, because of the near resonance (02 - 435 cm-’
and o1 - 910 cm-l), and must be positive, thus accounting for the sign of X12.
However, the magnitude of X,, is difficult to calculate because of cancellations
with the other terms.
With the line positions calculated, all that is needed to simulate the spectrum is
to calculate intensities from the appropriate Boltzmann and spin statistics formulas
and add a lineshape function. The Boltzmann factors as a function of J are calculated using the ground-state /3 value (10) of 0.191 cm-‘. For the hot-band population
we have assumed that we are dealing with population in z+, which, at 435 cm-‘,
is the lowest frequency mode in the molecule. Relative intensities as a function
of J for both the fundamental and the hot band are of course the same, and are the
product of 2J + 1 times the spin statistical weight calculated for a tetrahedral
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molecule composed of spin-l/2 nuclei. For high .I these weights approach 4(25
+ 1)/3 as a limit.
The Doppler and pressure widths (FWHM) at 300 K and 4 Torr are calculated
to be 0.0012 and 0.0013 cm-‘, respectively (II), which results in a Voight profile
considerably narrower than our laser’s spectral width. Thus, in order to simulate
the spectrum, we have synthesized a Voight profile with a Gaussian component of
3.4 x 10e3 cm-‘, which includes 90 MHz for the linewidth of our laser sources.
Calculated spectra based on these parameters are shown in Figs. lb and 2b. The
close similarity of the observed and calculated intensities provides additional
verification of our assignment of .I in both the fundamental and hot-band spectra.
The agreement with the observed relative intensities of the two bands also supports
our assumption of a vZ hot band.
CONCLUSIONS

We have obtained the fundamental spectroscopic constants for both the vI fundamental and the v1 f v2 + vg hot band of CF, which fit the observed spectrum with
an accuracy significantly better than 10m3cm-‘. By so doing, we have illustrated
the use of inverse Raman spectroscopy as a general, ultra-high-resolution
spectroscopic tool that should be of particular importance in the detailed spectroscopic
study of even larger, heavier, and more complex molecules. Unfortunately,
we have been unable to observe any additional hot-band structure over the
2-cm-l interval beyond the v1 band origin, therefore limiting our positive identification of the v2 band. Our tentative assignment of the observed hot band is thus
based entirely on its intensity relative to the fundamental band.
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