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periodic array. " A sequence of fluorescence
photons therefore appears as a cascade of the
dressed atom downwards its energy diagram.
Such a picture allows us to interpret the signal
here investigated as a radiative cascade signal, "
where the cascading system is not the bare atom
but the dressed one.
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through a virtual excitation in a Rydberg state (by the

absorption of two laser photons) and the emission of a
2~g Kp fluorescence photon. But the rate of such a
process, evaluated from the corresponding energy de-
fects and oscillator strengths, is shown to be 6000
times smaller than the rate of the process studied in
this paper. Moreover, we have experimentally verified
that the ~ photons are linearly polarized along the
laser polarization, as expected from the diagram in
Fig. 3(b). This would not be the case for the hyper
Raman. process which can bring the atom from g to any
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The picture of the dressed-atom cascade remains
valid at resonance where a perturbative treatment would
no longer be possible at high laser intensities. As
shown in Ref. 4, the emissions in the sidebands remain
strongly correlated. It must be noted, however, that
the correlation signal becomes symmetric.
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Vibrational and rotational Raman transitions are shown to be shifted to lower frequen-
cies in the presence of a nonresonant, high-intensity optical field. Experimental results
using coherent anti-Stokes Raman spectroscopy for hydrogen and nitrogen are presented.
The magnitude of the observed shift is in agreement with a calculation which considers
the coupling of the optical field to the internuclear separation via the molecular electronic
polarizability. The magnitude of the shift is predicted to be proportional to the optical
field intensi. ty.

PACS numbers: 33.55.+ c, 33.20.Fb

We report the first observation of shifts in
molecular vibrational and rotational frequencies
induced by an optical field which is not resonant
with molecular transition frequencies. The Stark
shifts of rotational transitions in polar mole-
cules have been studied extensively using low-fre-
quency applied fields. Changes in transition fre-
quencies due to intermolecular fields have been
studied extensively in matrices, liquids, and gas-

es.' Apparent spectral shifts that did not involve
actual changes in molecular frequencies also
have been observed in coherent Baman experi-
ments' with use of high-power lasers. The quad-
ratic Stark effect on electronic transitions has
been the subject of considerable research.
Stark shifts of vibrational frequencies driven
near resonance have been investigated, ' but
shifts due to the presence of nonresonant fields
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FIG. 1. The effects of high-intensity infrared radia-
tion on the position and line shape of the ~(3) rotational
transition of molecular hydrogen. Crosses represent
CARS data obtained in the presence of 1.06-pm radiation
from a Q-switched Nd: YAlG laser; circles show data
in. the absence of this field. The solid and dashed lines
are smooth curve s d rawn through the data points.

have not been reported previously.
In the experiments described here, a frequency

shift of a rotational transition in dynamic hydro-
gen is observed in coherent anti-Stokes Raman
scattering (CARS) spectra obtained from a sam-
ple volume irradiated by the focused output of a
pulsed 1.06-pm Nd:YAlo laser. The experiments
were motivated by the observation of asymmetri-
cally broadened line shapes in background-f ree
CARS experiments designed to optimize the detec-
tion of minor species." In this case, the broad-
ening was induced by fields generated by the high-
power pump laser used in the CARS experiment.
The observed frequency shifts are interpreted by
considering the time-independent coupling of the
optical field to the molecule via the variation of
the electronic polarizability with internuclear
separation.

Figure 1 shows the change in frequency in-
duced by a focused, pulsed laser field for the S(3)
rotational transition of molecular hydrogen. A
shift of 0.12 cm ' to lower frequency is observed
for the perturbed spectrum (crosses in Fig. 1)
compared to the unperturbed spectrum (circles
in Fig. 1). The spectra were obtained near the
exit of a 6-mm nozzle from which H~ gas was
flowing at 0.6 l/min. The hydrogen was then
burned, forming a diffusion flame above the sam-
ple volume. Data were obtained using a high-res-
olution (0.1-0.2 cm '), time-averaged, crossed-
beam CARS apparatus, which as been described
previously. ' Spatial resolution was obtained by
crossing two focused 532.0-nm pump beams in
the horizontal plane, such that they intersected

a probe laser beam contained in the vertical
plane. For each plotted datum point, 20 to 50
single-shot measurements were digitized, nor-
malized, and then averaged. The perturbing op-
tical field was provided by the 1.06- p, m output
"infrared" beam) of the Q-switched Nd: YAlG la-
ser. By blocking alternate infrared laser pulses
with a 5-Hz chopper, perturbed and unperturbed
spectra were averaged simultaneously. This pro-
cess essentially eliminated wavelength uncertain-
ties between the two spectra. The infrared beam
was directed onto the same 25-cm-focal-length
lens used for the CARS lasers such that the in-
frared focal volume was spatially overlapped
with the CARS signal generation volume. Assum-
ing diffraction-limited focusing, the infrared la-
ser beam waist (-80 pm) was approximately
four times the diameter of the CARS sampling
volume. Also, the infrared pulses were twice
as long as the CARS laser pulses. As a result,
relatively small spatial and temporal variations
in the high-power infrared field intensity oc-
curred during the generation of the CARS signal.
For the measurements of Fig. 1, the infrared la-
ser pulses were typically -200 mJ, measured
after the focusing lens, whereas the probe- and
pump-laser pulses were 0.4 and 3 mJ, respec-
tively. The infrared beam diameter at the lens
was 0.4 cm, while that of the CARS lasers was
0.8 cm.

The experiments on hydrogen (Fig. 1) employed
a separate, nonresonant laser field to shift tran-
sition frequencies. However, the effect is also
observable as an asymmetric broadening when
high pump (or probe) intensities are used in a
normal CARS measurement. Figure 2 compares
the measured CARS line shapes of the rotational
vibrational S(6) line of nitrogen obtained using
(a) 2-mJ and (b) 70-mJ pulses of 532.0 nm pump
energy, with -0.2 mJ of probe energy and with a
30-cm-focal-length lens. These spectra were
obtained using a room-temperature optical cell
at a pressure of 100 Torr. Because of variations
in field intensity introduced by spatial variations
in the crossed 532.0-nm beams and by the time-
dependent laser output, the perturbed line shapes
are inhomogeneously broadened rather than
shifted uniformly as in Fig. 1. Since the spec-
tra of Fig. 2 were measured in separate scans,
the presence of small peak shifts (less than 0.1
cm ') could not be determined reliably. The
presence of broadening due to stimulated Raman
processes was investigated by varying the probe-
laser energy, but was not detected.
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FIG. 2. A comparison of line shapes of the h'(6) ro-
tational-vibrational line of molecular nitrogen, obtained
using (a) 2-mJ and (b) 70-mJ 532.0-nm pump-laser
pulses for the CARS measurements.

FIG. 3. A comparison of CARS spectra of the room-
temperature nitrogen Q branch, obtained using (a) 0.25-
mJ and (b) 70-mJ 532.0-nm pump-laser pulses. The
square root of the CARS signal was averaged and plotted
in order to display results linear in number density.

The consequences of this inhomogenous broad-
ening for high-resolution spectroscopy measure-
ments are illustrated in Fig. 3. The nitrogen Q-
branch spectrum in (a) was obtained with 0.25-
mJ pump-laser pulses, and in (b) with 70-mJ
pulses, under the same conditions described pre-
viously. As a result of the broadening of indivi-
dual vibrational lines, the weaker lines of Fig.
3(a) (odd-J transitions) are no longer resolved
near the band head, and the relative peak heights
of neighboring lines are strongly modified.

The magnitude of the optical Stark effect on
molecular vibrational-rotational frequencies can
be estimated by a simple classical-mechanics
calculation. The vibrational Hamiltonian for a
diatomic molecule (with no permanent dipole mo-
ment) in the presence of an applied optical field
1s

H = ', p 'P'+ V(q) —-', a-(q)E, '(—,' + ,' cos2&u~t), (1-)

where P and q are the canonically conjugate mo-
mentum and internuclear coordinate, JL(, is the re-
duced mass, V(q) is the vibrational potential,
a(q) is the polarizability (assumed to be isotropic),

Eo is the applied field amplitude, and the cos'co~t
time dependence of the intensity has been rewrit-
ten. Since 2~~ is much larger than the vibrational
frequency (by a factor of 5-10), the response of a

—g a(q)E, ', (2)

where D, and P are the Morse parameters, q, is
the unperturbed equilibrium position, and E, is
the electric field amplitude. The change in the
equilibrium value of q is defined as 5q=@, —q, .
The internuclear separation, q, ', at the mini-
mum of the perturbed potential is given to the
first order in 5q by

q, ' =q, + (Eo2/8D, P2) d a/dq, (3)

where 2D, p' is the harmonic force constant.
Thus, the shift in the equilibrium internuclear
separation is quadratic in the applied-laser-field
amplitude, and results in an increase in the in-
ternuclear spacing for positive values of the po-
larizability derivative.

This change in internuclear spacing induces a
shift in the vibrational and rotational frequencies.
The change in rotational frequency can be calcu-
lated from the change in the moment of inertia,

molecule to the time-dependent perturbation will
be small compared to the time-independent per-
turbation. Considering only the time-independent
perturbation and introducing the Morse potential,
Eq. (1) becomes

H = 2I -'P'+D, (1-—exp[- p(q -q.)])'
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and is given to first order by

5to„= —to„'(E,'/4D, p'q, )d ot/dq, (4)

where ~„' is the unperturbed frequency. Vibra-
tional frequencies also will be shifted because of
anharmonicities in V(q). The magnitude of these
shifts can be calculated from the change in the
harmonic force constant, and is given to first
order for the ground state by

5tor= —to„'(3E,'/16D, P)d a/dq, (5)

where v~' is the unperturbed vibrational frequen-
cy. The predicted frequency shifts are linear in
the polarizability derivative and thus depend on
the square root of the spontaneous Raman cross
section.

From Eq. (4), the rotational-frequency shift is
seen to be proportional to the perturbing laser
intensity during the CARS measurement. An esti-
mate of the peak intensity due to a 200-mJ, 1.06-
p, m Q-switched pulse, based on diffraction theory,
gives (8+ 4) &&10"W/cm'. With use of this value
and a polarizability derivative for H, of 1.2 A', '
the predicted rotational shift is —0.11+0.05 cm
Thus, the observed —0.12-cm ' line shift is con-
sistent with the classical calculation. The in-
creased width of the shifted peak in Fig. 1 can be
attributed to the inhomogeneities in the 1.06- p, m-
laser intensity over the volume sampled by the
crossed-beam CARS experiment. The observed
shift is an order of magnitude larger than the es-
timated collisional width of hydrogen at 1 atm.
Therefore, a consideration of this form of Stark
shift is important for high-resolution spectrosco-
py, even at much lower power densities. An es-
timate of the 532.0-nm peak field intensity, used
to obtain the data of Fig. 2(b), gives ™8X10"W/
cms. For the 8(6) line considered, the vibrational
Stark shift given by Eq. (5) must be added to the
rotational Stark shift. The result for N, is a total
shift of 0.6 cm, consistent with the data of Fig.
2.

This type of Stark effect is general in nature,
and will have important consequences for vibra-
tional and rotational Raman and infrared spec-
troscopy using pulsed lasers. In particular, the
effect represents a more serious limitation than
stimulated Raman pumping on the ultimate sensi-

tivity and spectral resolution of CARS and Raman
gain techniques. It is also expected that this per-
turbation will be important in some infrared laser
photolysis experiments and their application to
isotope separ ation.

A modulation spectroscopy' based on this Stark
effect promises to provide time- and space-re-
solved detection of molecules. We are also inves-
tigating the effects of anisotropy in the polariza-
bility and time dependence of the perturbing field.
Additional experiments are in progress to verify
the linear dependence of the frequency shift on
field intensity.
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