VOLUME 46, NUMBER 18

PHYSICAL REVIEW

LETTERS 4 May 1981

Four-Wave Parametric Amplification of Rabi Sidebands in Sodium
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Four-wave optical parametric amplification enhanced by the ac Stark effect has been
observed, with the use of a dye laser tuned near the D, line of sodium. This process
leads to the generation of sidebands displaced from the laser frequency by the general-
ized Rabi frequency. Under certain experimental conditions, the emitted radiation is in
the form of a cone surrounding the transmitted laser beam. A theoretical model that

describes these effects is presented.

PACS numbers: 32.80.Bx, 32.60.+i

This Letter reports the observation of four-
wave optical parametric amplification of radia-
tion at the Rabi sideband frequencies of an atomic
transition that is strongly driven by a near-reso-
nant laser. These sidebands appear as sharp
features in the spectrum of a narrow-band laser
pulse after traversing a relatively dilute sodium
vapor where self-focusing of the laser is negligi-
ble. At higher sodium densities, where self-
focusing is present, the sidebands broaden spec-
trally, and radiation on the low-frequency side of
resonance is emitted in a conical shell surround-
ing the transmitted beam. The observed spectral
and spatial characteristics of the emission can
be explained by a theory of four-wave parametric
amplification in a strongly driven two-level sys-
tem,’ when the effects of refraction in a self-
focused laser beam are taken into account.

The origin of the parametric amplification at
the Rabi sideband frequencies is illustrated in
Fig. 1, It shows an incident laser wave at fre-
quency w, which drives an atomic transition at
frequency w,,, thereby modifying the absorption
spectrum of the atom and also inducing parame-
tric coupling between two waves, nearly copropa-
gating with the laser wave and having frequencies
w; and w,, where w, +w,=2w,. The experiments
reported here were conducted by using a laser
that was detuned many linewidths from the reso-
nance and had an intensity sufficiently large that
the atomic transition frequency was significantly
altered by the ac Stark effect.? The absorption
of two laser photons at w, accompanied by the
emission of a photon at w, is known as the three-
photon effect, and produces gain at w, even in the
absence of parametric coupling.® The three-
photon effect is maximum at w, =w, +Q’, where
' is the generalized Rabi frequency given by

Q'=(a/la])(az+a2)v2, (1)
where Q=2uA,/F is the Rabi frequency associated
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with the transition dipole matrix element u and
the electric field amplitude 2A, of the driving
laser, and where A=w, - w,,. While a wave at
w,=w, - ' is known to be strongly absorbed by
the ac Stark-shifted resonance in the absence of
parametric coupling,® a recent theoretical treat-
ment"* predicts that such a coupling of waves at
w; =w,; +Q" and w,=w, — Q' can cause the wave at
w, to be amplified, along with that at w,.

This prediction of parametric gain arises from
the solution of the coupled propagation equations!
for the amplitudes A, and A, of the waves at w,
~w,+Q" and «,~w, - ', respectively, with w,

+w,=2w;:
dA,/dz = —a A, + KA e AR E (2a)
dAX/dz=—a,A* + K FAe P 0kE (2b)

where Ak is the phase mismatch and where the
nonlinear absorption coefficients «, and @, and
coupling coefficients k, and «, are found from
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FIG. 1. (a) Laser of frequency w, is tuned near the
D, line of sodium. (b) Energy levels are split by the
ac Stark effect, leading to new resonance frequencies
which can enhance the four-wave parametric process
shown.
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steady-state solutions of the density matrix equa-
tions which are correct to first order in the am-
plitudes A, and A,, and to all orders in the
amplitude A . If the phase mismatch A% is very
large, the amplitudes A, and A, are not coupled,
and thus propagate independently. The absorp-
tion coefficients o, and @, account for the gain at
w, by the three-photon effect (for a, <0) and loss
at w, by absorption (for @, >0). On the other
hand, when the phase mismatch is small (A% =0),
as in the present experiments, parametric cou-
pling arises from the «, and «, terms, and can
cause the wave at w, (the fourth parametvic wave)
to be amplified, as well as the three-photon wave
at w,. This situation is analogous to Stokes—anti-
Stokes coupling in Raman scattering.®

The apparatus used in this experiment included
a nitrogen-laser-pumped dye laser that produced
5-ns pulses having an 0.03 cm™' bandwidth tuned
near the (32S,/,-3%P,,,) D, line of sodium at 5890
A. The dye laser power, after spatial filtering,
was ~6 kW, and the beam was focused into a cell
containing sodium at a density that was varied
between 10 and 10 cm™® and an argon buffer
gas at ~1 Torr. The length of the sodium vapor
region was ~2.5 cm. Under typical experimental
conditions the cell contained 5x10'* sodium atoms
per cm?® and 1 Torr of argon, and the laser was
detuned 2 A to the short-wavelength side of the
D, line and was focused to give a power density
of 3x10” W/cm? The atomic decay times under
these conditions are T,=16 ns and T,=10 ns, the
Rabi frequency is £=2.5x10'2 rad/s, the three-
photon gain coefficient is @, =4.3X10% cm™', and
the maximum value of the coupled gain is g,=1.5
x10° em™?,

Figure 2 shows a spectrogram of the light sur-
rounding the transmitted laser beam when the
laser was detuned 2.4 A to the short-wavelength
side of the D, line, with a sodium density of 1
X10™ ¢m™ and an argon pressure of 1 Torr.
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FIG. 2. Spectrum of the light surrounding the trans-
mitted laser beam, showing Rabi sideband frequencies
symmetrically displaced from the laser frequency w;
by the generalized Rabi frequency &’.

This spectrum shows two sidebands, symmetri-
cally displaced from the laser frequency w,. We
identify these sidebands as the three-photon wave
and the fourth parametric wave, in accord with
the prediction discussed above. To strengthen
this identification we have plotted in Fig. 3 the
center wavelength of the observed three-photon
wave as a function of laser detuning for several
different values of the laser intensity. (The
fourth parametric wave was not always present
as a narrow line over this range of parameters.)
The solid curves show the predicted dependence
on detuning and Rabi frequency (laser intensity)
calculated from the generalized Rabi frequency
in Eq. (1), with the use of the measured value of
the detuning and the best-fit value of the Rabi
frequency. Each best-fit Rabi frequency is within
a factor of 2 of that calculated from the estimated
peak laser intensity. Sideband emission occurred
only during the 2-3-ns central interval of the
5-ns laser pulse when the laser intensity was
nearly constant.

These data indicate the occurrence of four-
wave parametric amplification at the Rabi side-
band frequencies w;+ Q’. We believe that the
source of the low-level radiation that is ampli-
fied by the parametric process is either spon-
taneous scattering or broadband fluorescence
from the laser.

At sodium densities above 10'® cm™, that is,

10 times greater than those used in Figs. 2 and
3, the laser beam self-focused (or defocused)
and other qualitatively different phenomena oc-
curred: The transmitted spectrum broadened
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FIG. 3. Detuning of the three-photon wave from the
laser wavelength plotted against the laser detuning
from resonance for several values of the laser intensity
(given in terms of the Rabi frequency © in wavelength
units). The solid curves are theoretical predictions
given by the expression for the generalized Rabi fre-
quency in Eq. (1).
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considerably and part of the radiation was emit-
ted in a conical shell surrounding the transmitted
laser beam, While these phenomena have been
observed previously their origin is under de-
bate,5”

Figure 4(a) is a photograph of the output beam
with the central laser spot partially blocked and
with conical emission forming a halo around the
central spot. The laser detuning was 2.4 A to
the short-wavelength side of resonance. In order
to determine the spectral composition of the
various spatial regions of the output beam, a
slice of the pattern in Fig. 4(a) was focused onto
the entrance slit of the monochromator. The re-
sulting spectrum in Fig. 4(b) shows that the halo
is made up of radiation at the low-frequency side
of the resonance, while the central spot has a
broad spectrum extending from the incident laser
frequency w, to higher frequencies. As the sod-
ium density is varied, the spectra in Figs. 2 and
4(b) evolve continuously into one another. This
suggests that a four-wave parametric process is
responsible for the conical emission, but com-
plicated by the presence of self-focusing and self—
phase-modulation.

The cone angle of the halo can be predicted by
a model that includes the effects of phase match-
ing and of refraction. The laser beam creates an
approximately cylindrical region of saturated
atoms, having refractive index approximately
equal to unity, which is surrounded by ground-
state atoms with the unsaturated anomalous dis-

FIG. 4. (a) Halo surrounding the transmitted laser
beam. The intense central portion of the laser beam
is blocked by a circular beam stop. The laser is de-
tuned 2.4 A to the short-wavelength side of resonance.
(b) Spectrum of the vertical slice indicated in (a).
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persion profile centered around the resonance
frequency.® Thus radiation with frequencies
above the resonance will be trapped inside the
saturated region, while radiation below the reso-
nance traveling inside the saturated region with
a small cone half-angle 6, (perhaps due to phase-
matching) will be refracted qut of the region with
a cone half-angle 6 given by Snell’s law as

0=(6,2+20n)"2, (3)

where 6n is the difference between the refractive
indices of the outer and inner regions. This
angle 0 is independent of the spatial profile of the
saturating beam. Thus, if o > 6,, the cone angle
0 will be largely independent of the mechanism
responsible for the origin of the radiation com-

~prising the cone.

In Fig. 5 we have plotted the observed half-
angle of the conical emission as a function of the
laser detuning and of atomic number density. The
data shown in Fig. 5(a) were taken with a number
density of 5.0x10% cm™3, and the data in Fig. 5(b)
were taken with a laser detuning of 2 A. The
solid curves are given by Eq. (3) under the as-
sumption that the contribution of the internal
angle 6, to the half-angle is negligible. In order
to obtain the good agreement shown in Fig. 5, we
found it necessary in evaluating Eq. (3) to use
atomic number densities that were consistently
a factor of 3.2 larger than those inferred from
the temperature of the vapor measured with a
thermocouple. We do not know the origin of this
small discrepancy. However, our model exactly
predicts the cone angles reported by Skinner and
Kleiber.® It is possible that a nonzero value of
6, is responsible for the discrepancy in our case.
As a further test of our model of conical emis-
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FIG. 5. Cone half-angle plotted against (a) laser
detuning and (b) atomic number density. The curves
are theoretical predictions given by Eq. (3).
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sion, we tuned the laser to the low-frequency
side of resonance and again observed conical
emission, as was also observed in Ref. 7. The
center frequency of this emission was again on
the low-frequency side of resonance, in agree-
ment with the model. Because of self-defocusing
of the laser beam in this case, experimental con-
ditions under which conical emission occurred
were difficult to achieve. The occurrence of
conical emission always on the low-frequency
side of resonance and the agreement between Eq.
(3) and the cone-angle data indicate that the crea-
tion of the cone can be explained as largely due
to the model discussed above.

Finally, we have measured the temporal pulse
shape of the off-axis emission, using a fast sili-
con photodiode. The pulse duration of this emis-
sion was found to be 2 to 3 ns, with no measur-
able time delay with respect to the incident laser
pulse of duration 5 ns. This time dependence,
which is independent of the laser detuning and
sodium density, is consistent with the above-
mentioned model based on four-wave parametric

amplification,
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This Letter reports accurate values for the oscillator strength of potassium, and pos-
sible resolution of some outstanding discrepancies concerning the oscillator strengths
and photoionization cross sections of this atom. Our results establish a value of (5.2
+0.5) 10" cm? for the photoionization cross section at the series limit.

PACS numbers: 32.70.Cs

The oscillator strength of alkali atoms deviates
significantly from that of the hydrogen atom be-
cause of deviations from a Coulomb potential.

The effect of core polarization,!'? which was
thought to be particularly important for transi-
tions to higher Rydberg states and the continuum,
has been dealt with in various semiempirical com-
putations,®~® and apparent agreement with experi-
mental values of the oscillator strength has been

© 1981 The American Physical Society

achieved. On the other hand, the quantum defect
method” (or Coulomb approximation®), which has
proved to be very powerful in predicting general
features in the spectrum of photoionization, does
not appear to be always accurate in calculating
the value of oscillator strength for transitions be-
tween bound states. This difficulty is compounded
further by lack of reliable experimental data, and
many discrepancies exist concerning the oscilla-
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FIG. 2. Spectrum of the light surrounding the trans-
mitted laser beam, showing Rabi sideband frequencies
symmetrically displaced from the laser frequency v,
by the generalized Rabi frequency ..



FIG. 4. (a) Halo surrounding the transmitted laser
beam. The intense central portion of the laser beam
is blocked by a circular beam stop. The laser is de-
tuned 2.4 A to the short-wavelength side of resonance.
(b) Spectrum of the vertical slice indicated in (a).



