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Energy transfer between laser beams propagating through an atomic vapor
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We show that it is possible to transfer energy efticiently between two laser beams of compara-
ble intensity by means of the near-resonant nonlinear response of an atomic vapor. The coupling
is due to stimulated Rayleigh scattering and occurs when the frequency difference between the
two beams is approximately the inverse of the lifetime of the excited atomic state. We have mea-
sured the coupling between two beams from an Alexandrite laser tuned near the 4 Sl(2 4 P3/2
potassium transition and found that one of the transmitted beams can contain up to 85% of the
total incident energy.

Laser beams of extremely high intensity can be ob-
tained by coherently combining the output beams of a
large number of independent lasers. In this Rapid Com-
munication, we examine a new mechanism for laser beam
combining based on the nonlinear optical response of a
resonantly excited atomic vapor. Atomic vapors are par-
ticularly appealing for this purpose because of their highly
nonlinear response. Unlike most previous studies of the
resonant interaction of laser radiation with an atomic sys-
tem, we consider the case in which the atom interacts with
two laser fields, each of which is sufficiently intense to sat-
urate the atomic transition.

The nonlinear response of a strongly driven atomic sys-
tem has attracted great interest. Mollow' has shown that
the absorption spectrum experienced by a ~eak probe
wave in the presence of an intense, near-resonant pump
wave consists of three features, two of which can lead to
arnplification of the probe wave. One of these gain
features occurs when the probe frequency is within
—IlT~ of the pump laser frequency (where T~ is the
atomic excited-state lifetime) and is a form of stimulated
Rayleigh scattering. The other gain feature occurs when
the frequency of the probe wave is detuned from that of
the pump wave by the generalized Rabi frequency associ-
ated with the atomic response and occurs due to stimulat-
ed three-photon scattering. The existence of these two
gain features was verified by means of an experiment per-
formed using a sodium atomic beam. We have recently
performed a similar experiment using a sodium atomic va-
por where much larger atomic number densities, and
hence a stronger nonlinear coupling, could be achieved.
With proper choice of pump laser intensity and detuning
from the Doppler broadened atomic resonance, we were
able to achieve a 38-fold increase in the intensity of the
probe wave in a 7-mm interaction length by means of the
feature near the Rabi sideband.

In this Rapid Communication, we consider the coupling
between two laser beams for the case in which both waves
are strong and of comparable intensity. In particular, we
are interested in determining the conditions under which
efficient transfer of energy between the two beams is pos-

sible. We have solved the Maxwell-Bloch equations
describing the propagation of two intense laser fields
through a vapor of two-level atoms. The details of this
calculation will be given elsewhere. We find that the in-
tensities of the two waves vary spatially according to

dI1 —
a~ (I~,I2)IJ,

where I~ is the intensity of the jth wave and a~ is an
eff'ective, intensity-dependent absorption coefficient given
by

a;(It, 12) NcrpAJwp[l I3—J [Re(L(F)

x ( —I)J+'AJT2IM(L&F)]],
(2)

where N is the number density, oo is the weak-field line-
center absorption cross section, AI [1+(AJT2) ] ' is a
Lorentzian detuning factor, ~0 is the spatially averaged,
steady-state population inversion in the presence of the
two waves, h~ co~

—coo is the detuning of the jth beam
from the atomic resonance frequency coo, and F is a con-
tinued fraction given by
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(4a)
and

MI„[[1—i(6~+nb) T2] '+ [1+i (hj. —nb) T2] '},
(4b)

where I, ch /8tr~ p ~ T~T2 is the line-center saturation
intensity and p is the atomic dipole matrix element.
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where @„M~„I~+M2,12 —inhT~ and b to2 —
co~ The.

terms L„and M~„are given by
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Several previous workers have shown that the solution of
the Bloch equations in the presence of two strong fields
can be represented in terms of a continued fraction solu-
tion; however, we are unaware of any previous ~orkers
who have considered the propagation of two intense in-
teracting fields through an atomic vapor.

Figure 1 shows how the predicted spectrum of the
eN'ective absorption coefficient a2 experienced by the wave
at frequency ro2 is modified as its intensity I2 is increased.
For convenience we refer to this wave as the probe wave
and to the wave at frequency roi as the pump wave, even
though the interaction is symmetric between the two
waves. In all three plots, we consider the case of a radia-
tively broadened medium with T2/T& 2, a pump wave
detuning from resonance of d~T~ —25, and a pump
wave intensity of 5&10 in units of the saturation intensi-
ty. In Fig. 1(a) we consider the case of a weak probe
wave, in which case our predictions reduce to those of the
theory of Mollow. ' The left-most feature occurs at the
Rabi sideband of the pump frequency [i.e., at r02 —

co&

0' where 0' (I~/I, TiT2+I5~)'I ], and arises due to
stimulated three-photon scattering. The central feature of
the spectrum is due to stimulated Rayleigh scattering.
The effects of these gain features are known to lead to
Rabi sideband ls;eneration, ' conical emission, paramet-
ric instabilities, and parametric oscillation. "The right-
most feature in this spectrum is the ac-Stark-shifted
atomic resonance, and always leads to attenuation of the
probe beam. In Figs. 1(b) and 1(c) we show how the pre-
dicted spectra are modified as the intensity of the probe
beam is increased to 2% of the pump intensity in Fig. 1(b)

and to be equal to the pump intensity in Fig. 1(c). In each
case, the magnitudes of the Rabi sidebands are seen to de-
crease as new features appear at subharmonics of the
Rabi frequency. We also see that the Rayleigh feature,
which is almost imperceptible in Fig. 1(a), becomes the
dominant feature in Fig. 1(c).

In order to make predictions relevant to the case of an
atomic vapor, we include the effects of Doppler broaden-
ing of the atomic resonance frequency by performing a
numerical average of the absorption coefficients over a
Maxwellian distribution of atomic velocities. In the ex-
perimentally realistic limit in which the Doppler linewidth
is much greater than the homogeneous linewidth and in

which the beams are nearly copropagating, we find that
the fundamental and subharmonic Rabi resonances are
largely washed out by the effects of atomic motion, but
that the Rayleigh resonance remains and is relatively
unaffected. The reason for this behavior is that the posi-
tions of the Rabi resonances depend upon the atomic ve-

locity through the dependence of the generalized Rabi fre-
quency on the detuning of the laser from resonance; con-
versely, the Rayleigh resonance is relatively unaffected by
atomic motion because it is always centered on the pump
laser frequency. Hence, we have used the Rayleigh reso-
nance in our experimental studies of laser energy transfer.

We calculated the predicted transfer efficiency, defined
as the fraction of the total input power that is contained in

one of the output beams, by numerically integrating the
set of Eq. (1). For sufficiently high input intensities and
sufficiently long interaction path lengths, we find that the
transfer efficiency can exceed 95% for the case of equal in-

put intensities. The transfer efficiency is maximized by
setting b approximately equal to I/T~ (that is, by utilizing
the peak of the Rayleigh resonance) and setting A~ equal
to —,

' of the negative of the generalized Rabi frequency as-
sociated with one of the input waves.

We have investigated these predictions using the experi-
mental setup shown in the inset to Fig. 2. The output of
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FIG. 1. Probe-wave absorption coefficient vs probe-pump de-

tuning for several values of the probe-pump intensity ratio, for
the case l~ 5 x103I„A~T~ —25, and Ti/T~ 2.
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FIG. 2. Energy-transfer efficiency, de6ned as the ratio of the
output energy of the probe wave to the total input energy, as a
function of the pump-wave detuning from resonance. The ex-
perimental setup is shown in the inset (a.o.m. is the acousto-
optic modulator, K is the potassium vapor cell). The pump and
probe waves have equal input energies of 20 pi, the detuning of
the probe wave from the pump wave is b/2' 3 MHz, and the
temperature of the body of the potassium cell is 220 C. The
solid curve gives the best theoretical 6t to the experimental data.
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an Alexandrite laser operating in a single transverse and
single longitudinal mode at a wavelength of 760 nm and
producing up to 250 pJ of energy in a 500-ns pulse is
passed through a variable attenuator and split into two
beams by two acousto-optic modulators operating at
slightly different frequencies. These beams are adjusted
to have equal pulse energies and equal diameters of —1

mm. These beams are allowed to intersect at an angle of
0.60 in a 7-mm-long potassium vapor cell containing no
buffer gas and operating at a temperature of up to 250'C.
The radiative lifetime of this transition is T~ -25 ns and
the dipole dephasing time is calculated using the formu-
la' Tz I/(I/2Tt+2. 07X 10 ). Some of our experi-
mental results are shown in Fig. 2, where the energy-
transfer efficiency (that is, the ratio of the energy in one of
the output beams to the total input energy) is plotted as a
function of the detuning of the pump wave from the
4 S&/& 4 P3/p transition frequency. The frequency
difference between the two waves 8/2n was held fixed at 3
MHz, which was the value that gave the best energy
transfer. The input laser pulses each contained 20 pJ of
energy. The solid curve shows the best theoretical fit to
the data. In obtaining this curve, we take the intensity of
each wave to be 33 kW/cm corresponding to It/I,

Iz/I, 1 X 10 . We also assume that the temperature of
the atomic vapor is 175 C, which corresponds to the ratio
Tz/Tt being equal to 1.3, and the absorption path length
NaoL being equal to 5.6 & 10 .

We have also performed experiments aimed toward
maximizing the energy-transfer efficiency. The maximum
coupling was found to occur for a pump-probe detuning of
b'/2x 3 MHz, a pump detuning of b. t

—38 GHz, and
with the potassium cell held at a temperature of 250 C.
The results of the study are shown in Fig. 3, where we plot
the transfer efficiency for each wave as a function of the
total input energy. At very low input energies, essentially
no coupling between the beams takes place, and each
beam exists with approximately half of the total incident
energy. However, as the total input energy is increased to
above 100 pJ, a signi6cant amount of energy transfer
occurs, leading to as much as 85% of the total energy be-
ing contained in one of the output beams. The solid line is
a theoretical curve obtained by assuming that the beam
diameters were 0.4 mm and that the temperature of the
atomic vapor was 205 C. In order to obtain good agree-
ment between theory and experiment as shown in Figs. 2
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and 3, it was necessary to assume that the laser intensity
was 6 times higher than the measured value and that the
vapor temperature was 45'C lower than that measured at
a reference point on the outside of the potassium cell. We
believe that these discrepancies may be due to our theoret-
ical assumption that the beams were of monochromatic
plane waves, due to optical pumping effects which could
make the effective atomic number density lower than the
actual density, due to self-defocusing eff'ects, or due to
temperature gradients within the vapor cell.

In conclusion, we have shown that efficient energy cou-
pling ()85%) between two laser beams can occur in an
atomic vapor cell over a wide range of input intensities.
This technique appears to be a promising one for combin-
ing beams of very high energy since the transfer efficiency
is predicted to be nearly equal to unity for input intensities
and interaction path lengths somewhat larger than those
used in the present experiment.
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FIG. 3. Energy-transfer efficiency for the probe and pump
waves as functions of the total input energy. The pump and
probe waves have equal input energies, the probe-pump detun-
ing is 6/2~ 3 MHz, the detuning of the pump wave from reso-
nance is 6& —3.8 GHz, and the temperature of the body of the
cell is 250'C. For a wide range of input energies, the transfer
efficiency for the probe wave exceeds 80%. The solid curve gives
the best theoretical fit to the experimental data.
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