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Precision Determination of CH3F Dipole Moment by Nonlinear Infrared Spectroscopy
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IBM Research Laboratory, San Jose, California 95114

(Received 26 October 1970)

An optical double-resonance effect, requiring two optical frequencies, is demonstrat-
ed in the infrared for the molecule CHSF, and provides high-precision dipole-moment
values for both the ground and an excited vibrational state. The method is a particularly
convenient and precise means for probing optically excited molecular levels.

A nonlinear spectroscopic technique is de-
scribed in this Letter which is capable of a high-
precision determination of narrow Stark, Zee-
man, or hyperfine splittings in molecular infrared
transitions. For the molecule CH, F, we have
achieved a spectral resolution of -10' at an opti-
cal wavelength of 9.55 p, m. This result corre-
sponds to an observed linewidth of 100 kHz, and
is about 300 times narrower than the Doppler
width, the limiting linewidth in conventional mo-
lecular infrared spectroscopy. At this resolu-
tion, the infrared Stark spectrum of CH, F yields
dipole moments precise to about one part in
2000 and as a function of the rotational and vibra-
tional state. We note that previous dipole-mo-
ment measurements have not been derived from
infrared spectroscopy because of insufficient
resolution, nor have these excited states been
generally accessible by microwave or molecular-
beam resonance spectroscopy. Furthermore,
other recent optical saturation methods" have
not yielded precise molecular dipole moments
as yet.

The optical resonances to be described have
also been observed in CH, F and other molecules
in this laboratory using a multimode 3.39-p, m
He-Ne laser, permitting other vibrational excita-
tional excitations such as the C-H stretch mode
to be examined; this will be reported subsequent-
ly. 3

The nonlinear optical effect utilized here,
which may be called "optical-optical double res-
onance, "was demonstrated some time ago in Xe
by Schlossberg and Javan' using a Zeeman-tuned
Xe laser. A theoretical review of this subject
and other references are presented elsewhere. '
As in all double-resonance effects, two transi-
tions sharing a common level are excited simul-
taneously by two radiation fields. For the case
of two overlapping Doppler-broadened transi-
tions, a molecule will only interact strongly and
nonlinearly with both radiation fields when it
Doppler shifts each field equally, or Q,-~, =Q,
-co, .' Here the radiation frequencies are Q, and
Q, and the corresponding molecular-level inter-
vals are co, and ~,. Thus, if the molecular-level
splitting ~,-~, can be tuned by the Stark or Zee-
man effect, a nonlinear absorption response will
appear for the resonance condition Q, -Q2 Goy (4)2

as illustrated in Fig. 1. Since the linewidth will
usually be limited by the interaction time with
the radiation field, this nonlinear resonance may
be orders of magnitude narrower than the Dop-
pler width.

Our experimental arrangement consists of two
Co, laser beams which are collinear and which
propagate in the same direction through a pre-
cision Stark cell, containing the gas sample, be-
fore detection. The radiation is provided by two
independent CO, lasers' with identical construc-
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FIG. 1. Stark-tuned optical-optical double-resonance
spectrum of the Q{J=12,E =2) CH3F line in the v3

band. The CHBF pressure is 4 mTorr. Field markers
shown on the hlgll-field reSOllaneee occur tI1 33.2-V/em
lnterva18o Excltatlon 18 provided bg two COg 1asel s os
cillating on the P (20) line (9.6-pm band) and with a fre-
quency difference of 41.67 MHz.

tion for frequency stability. Each operates cw

with single-frequency output but without feed-
back stabilization, the power is about 1 W in
eRch llQe and osclllRtlon on any one of 70 lines
in the 9- and 10-p. m bands is controlled by a ro-
tatable grating at one end of the laser cavity. In
this experiment, both lasers oscillate on the
same line, the P(20) of the 9-p, m band, and their
frequency difference is set within the r~e 0-50
MHz by piezoelectric tuning of the optical cavity
lengths. Measurements of this beat frequency,
which provide a frequency scale for the spec-
trum, indicate a 20- to 30-kHz acoustic jitter
over a 1-sec interval; this, at present, limits
the accuracy of the dipole measurement. Be-
cause the polarizations of these lasers are linear
and parallel to one another but perpendicular to
the Stark field, the selection rules ~ =+1 apply.

The Stark cell is made of components with opti-
cal tolerances and includes two fused-quartz
disks which are 4 in. diam & & in. thick, flat to
+10 ' cm, and coated on the inner surfaces with
vacuum-deposited chromium. Separating the
flats are fused-quartz spacers whose thickness
as determined by gage blocks is 0.602 56+ 0.00001
cm. Measurements of the Stark voltage are made
with a digital voltmeter, checked against a stan-
dard, and accurate to 0.008%.

The molecule CH, F is particularly convenient
in these initia. l studies a.s its v, band at 9.5 p, m
(C-F stretcl) mode) has been analyzed' and one
of its lines, the oQ(J, E) =o@12,2), coincides
within its Doppler width of 66 MHz with the P(20)
CO, laser transition (001-020 band) at 1046.8543

cm '.' " In additioIl, being a. Symmetric top,
CH, F exhibits a simple first-order Stark effect
without hyperfine structure so that the nonlinear
resonance condition becomes Q, -Q, =2pEK/J(Z
+1)k. This condition permits a determination
of the permanent molecular dipole moment p, . It
shouM be noted that the M states can combine in
R superposltlon of Rppl oprlRte three-level reso-
nances which satisfy this condltloQ.

An optical- optical double- resonance absorption
spectrum for CH, F is shown in Fig. 1. Here the
Stark voltage is swept but the beat frequency of
the two lasers is held fixed at 41.67 MHz. The
lines are derivatives due to small-amplitude
Stark modulation (1-V square wave at 10 kHz)
and are observed with phase-sensitive detection.
The first line to appear is the zero-field level-
crossing signal, ' which is the "zero beat" signal
or degenerate case of optical-optical double res-
onance. The next two lines correspond to the
resonance condition with finite level splitting.
Since the dipole moments of ground and excited
vibrational states are different, there are two
such resonances. These lines, which are separ-
ated by only -1 MHz, are clearly resolved as the
linewidth is but 100-kHz half width at half-maxi-
mum. The cause of this width RppeRr8 to be the
molecular transit time through the laser beam's
cross section and the second-order Stark effect.
Furthermore, if the beat frequency is reduced,
the appearance of these two lines on R voltage
scale changes correspondingly, as expected.

The magnitude of the Stark tuning rate is, of
course, a critical test of transition assignment.
In the present instance, these nonlinear reso-
nances confirm that the observed line is indeed

(v, = 0 -1,J = 12 - 12, K = 2 - 2) or o Q(12, 2), a pa-
rallel vs transition. A search for other sub-
branch lines of Q(12) with" different E was not
successful even though the two lasers were
scanned over an -30-MHz range with a. beat be-
tween them of 1 MHz.

From these Iesults we derive the first mea-
surement of the dipole moment for CH, F in its
excited vibrational state v, =1. A summary of
existing dipole-moment measurements for CH, F
is shown in Table I. The entries from this work
are an average of eight independent determina-
tions. Note that the high-precision microwRve
studi. es of the ground sta.te" "are in good agree-
ment with the laser results and thus support this
work. It now becomes evident that the second of
the high-field resonances corresponds to the
ground-state dipole moment whereas the first



VOLUME 25, NUMBER 24 PHYSICAL REVIEW LETTERS 14 DECEMBER 1970

Table I. Dipole moments of CH&F.

CHSF dipole moment
(Debye) Reference

1j 2
1 2

0, 1
12
12

0, 1
0, 1

0
2
2

1.8555 +0.0015
1.8572 +0.0010
1.8580 +0.0010
1.8549 +0.0010
1.9009 +0.0010

Larkin and Gordy, Ref. 11
Steiner and Gordy, Ref. 12
Muenter and Laurie, Ref. 13
This work
This work

high-field line is that of the excited state as in-
dicated in theM level structures of Fig. 1. We
can also conclude from these results that the
variation of dipole moment with rotational quan-
tum numbers J and K is a small effect. These
measurements are of current theoretical inter-
est in this laboratory and are to be compared
with ab initio calculations of these quantities, es-
pecially the increase in dipole moment with vi-
brational excitation.

It should be emphasized here that the present
technique offers at least two unique advantages
beyond that of resolving the homogeneous width.
First, it separates excited- and ground-state
Stark or Zeeman splittings so that both can be
observed in a single spectrum as in Fig. 1. Sec-
ond, the spectrum contains a frequency scale,
which is not true, for example, with the zero-
field level-crossing line' or with some Lamb-
dip spectra. '

Another property of these resonances is that
the linewidth is determined by the average relax-
ation rate of the Stark split levels in (a) the ex-
cited state or (b) the ground state (but not both).
Consequently, when the lines are pressure broad-
ened, they could exhibit different widths, depend-
ing on the nature of the relaxation mechanisms
in the two vibrational states. This aspect of the
problem is now being examined in CH, F.
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