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and Donald J .  Harter 

Abstract-We have investigated energy transfer between two laser 
beams of comparable intensity due to their nonlinear interaction in an 
atomic vapor. Strong coupling occurs due stimulated Rayleigh scatter- 
ing when the frequencies of the two waves differ by the inverse of the 
excited-state lifetime. We have measured the energy transfer between 
two nearly-equal energy pulses from an alexandrite laser tuned near 
the 42S,/2 + 4*P,/, transition of potassium vapor. As much as 85% of 
the total incident energy was contained in one of the output beams. 

INTRODUCTION 
N this paper, we investigate the energy coupling that occurs I between two laser fields of comparable intensity as they prop- 

agate through an atomic vapor. We predict theoretically and 
verify experimentally that high-coupling efficiencies occur when 
the two fields are tuned near the atomic resonance and detuned 
from one another by approximately the inverse of the atomic 
lifetime. The ability to transfer energy coherently from one laser 
beam to another could be useful in the generation of extremely 
intense laser fields. 

The interaction of a single intense laser field with a two-level 
atom modifies the energy-level structure of the atom. This mod- 
ification can be conveniently described in terms of “dressed” 
atomic states [ 11. Transitions among the dressed states give rise 
to resonances in the atomic response which can lead to ampli- 
fication of a weak probe wave. Mollow [2] has calculated the 
probe-wave absorption spectrum of a collection of strongly 
driven atoms and predicts three spectral features, two of which 
can lead to the amplification of the probe wave. One of these 
gain features occurs when the probe is detuned from the pump 
wave by the generalized Rabi frequency and is known as stim- 
ulated three-photon scattering. The other gain feature occurs 
when the pump wave is detuned from the pump wave by the 
inverse of the excited-state lifetime and is a form of stimulated 
Rayleigh scattering [3]-[9]. Wu et al.  [ lo]  observed the pre- 
dicted gain spectrum using a sodium atomic beam as the two- 
level system. More recently [ 111, we showed that both the Rabi- 
sideband and the Rayleigh resonances can give rise to large am- 
plification of a weak probe wave in sodium vapor, where the 
atomic number density can be much higher than in an atomic 
beam. In particular, we reported thirty-eightfold and fourfold 
increases in the probe intensity at the Rabi-sideband and the 
Rayleigh resonances, respectively, in a 7 mm interaction length. 
However, with the existence of high gain the weak-probe limit 
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does not guarantee that efficient energy transfer will occur when 
the intensity of the probe wave is comparable to that of the 
pump wave. 

To treat the energy-transfer characteristics of the nonlinear 
coupling, one must consider the interaction of a two-level sys- 
tem with two strong fields [12]-[17]. Gush and Gush [12] and 
Tsukada [ 131 have used continued-fraction techniques to solve 
the density-matrix equations of motion for the interaction of 
two strong RF magnetic fields with a two-level system. Bonch- 
Breuvich et al.  [14] presented a theory for the case of a pump 
field tuned exactly to resonance for equal pump-probe intensi- 
ties. They predicted that resonances will occur in the probe- 
transmission spectrum whenever the probe-pump detuning is 
equal to a subharmonic of the Rabi frequency. In addition, they 
demonstrated that the interaction of strong rf magne.tic fields 
with cadmium vapor agreed with the results of their theory. The 
existence of subharmonic resonances in the probe-absorption 
spectrum are also predicted in the interaction of a two-level atom 
with two electromagnetic fields of arbitrary intensities and fre- 
quencies [15], [16]. In addition, Tsukada and Nakayama [15] 
showed that the Rayleigh resonance is present when the pump 
field is tuned off resonance. Agarwal and Nayak [17] showed 
theoretically that the strength of the subharmonic resonances 
decreases rapidly as the laser bandwidth increases. Experimen- 
tal studies of the interaction of two intense optical fields with a 
two-level system have been performed by Hillman et a l . ,  [18] 
and by Chakmakjian et a l . ,  [19] who observed subharmonic 
resonances in the response of a sodium atomic beam driven by 
a 100%-amplitude-modulated laser field. 

In this paper, we investigate the coupling that occurs between 
two strong waves. When the effects of atomic motion and the 
spatial variation of the intensities of each wave are taken into 
account, we find that the Rayleigh resonance can give rise to 
efficient coupling between two waves of comparable intensity. 
These predictions were verified experimentally using the output 
of a pulsed alexandrite laser tuned near resonance in potassium 
vapor. For the case of equal-input pulse energies, we measured 
a maximum transfer efficiency that corresponds to one output 
wave containing as much as 85% of the total incident optical 
energy. 

THEORY 
We consider the process in which two monochromatic nearly 

copropagating laser beams interact with an atomic vapor, as 
shown in Fig. 1. We allow each beam to be sufficiently intense 
to saturate the atomic medium. We are interested in determining 
those conditions under which a significant fraction of the power 
contained in one beam can be transferred to the other. 

The coupled differential equations describing the spatial ev- 
olution of the intensities I, and Z, of the two waves are derived 
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Fig. 1 .  Interaction geometry. Two optical fields with amplitudes A ,  and 
A, cross at an angle 0 in a vapor of two-level atoms. The frequencies w ,  
and w2 of the fields are nearly resonant with the atomic transition frequency 
WO.  

in the Appendix and have the form 

where z' = z/cos 19, and a, is the effective absorption coeffi- 
cients for the ith wave given by 

aJ(zl ,  12,) = -NU,W,A, { 1 - L, [Re(L ,F)  

f AJT*lm(L,F)]} ' ( 2 )  

where we take the plus sign f o r j  = 1 and the minus sign f o r j  
= 2 .  Here F is a continued fraction [(A16)] that depends on the 
intensities I ,  and 12, on the detuning AJ = wJ - wo of the jth 
wave from the atomic resonance wo, and on material parameters 
such as the saturation intensity I ,  and the relaxation times TI 
and T2. The quantities AJ and L ,  are detuning factors, N is the 
atomic number density, uo is the line-center intensity absorption 
cross section, and wo is the spatially-averaged steady-state pop- 
ulation inversion in the presence of the two waves. For conve- 
nience, we denote the waves with intensities I, and l2 as the 
pump and probe waves, respectively. 

In Fig. 2, the effective probe-wave absorption coefficient a2, 
given by ( 2 ) ,  is plotted as a function of the probe-pump detun- 
ing 6 = w2 - w ,  for several values of the probe-pump intensity 
ratio. The pump intensity I ,  is taken to be equal to 5 x lo3 
times the saturation intensity, the pump detuning from reso- 
nance A ,  is given by A, TI = -25, and the transition is assumed 
to be radiatively broadened ( T , / T ,  = 2).  In Fig. 2(a), the probe 
intensity is much smaller than both the pump intensity and the 
saturation intensity. The two dominant spectral features occur 
at the Rabi sidebands, that is, for 6 = +0' where the general- 
ized Rabi frequency is given by 0' E (A2 + Q 2 ) ' / ' ,  where 0 
= I p I E,  / h  is the on-resonance Rabi frequency, p is the matrix 
element of the atomic-dipole operator between the ground and 
excited states, and E ,  is the (real) amplitude of the pump field. 
In this figure, the Rayleigh resonance (near 6 = 0) is barely 
visible on the scale chosen to display the Rabi-sideband reso- 
nances. In this limit, the absorption spectrum is identical to that 
predicted by solving the density-matrix equations of motion to 
first order in the probe-field amplitude [4], [ 113. When the probe 
intensity I, is much greater than the saturation intensity, but 
only a few percent of the pump intensity I ,  [Fig. 2(b)], new 
resonances in the probe-transmission spectrum appear when the 
probe-pump detuning is a subharmonic of the generalized Rabi 
frequency. The principal consequences of increasing the probe 
intensity are to reduce the amplitudes of the Rabi resonances 
and to broaden them. In the case shown here, the Rabi reso- 
nances and the Rayleigh resonance have comparable ampli- 
tudes, because the latter is relatively insensitive to probe 
intensity. When the probe and pump intensities are equal [Fig. 
2(c)], there are a large number of subharmonic resonances and 

7 x 1 0 '  C l  -0, R' 

probe-pump detuning (o;m,J 

Fig. 2. Effective probe-wave absorption coefficient plotted against the 
probe-pump detuning for several different values of the probe-pump inten- 
sity ratio. The pump intensity I ,  is 5 x lo3/,, the pump detuning from 
resonance is A ,  TI = -25, and the transition is assumed to be radiatively 
broadened ( T , / T ,  = 2). (a) When the probe intensity is much lower than 
both the pump intensity and the saturation intensity, the spectrum consists 
of three features: gain at one (the leftmost) Rabi sideband, gain at the Ray- 
leigh resonance, which is centered on the pump frequency and is barely 
visible on this scale, and strong absorption at the other Rabi sideband. (b) 
When the probe intensity is much higher than the saturation intensity, but 
still lower than the pump intensity, new resonances appear at subharmonics 
of the generalized Rabi frequency. (c) When the pump and probe intensities 
are equal, a large number of resonances at subharmonics of the generalized 
Rabi frequency appear. The insensitivity of the Rayleigh resonance to in- 
creased probe intensity makes it the strongest resonance in the spectrum 
for this case. 

the Rayleigh resonance has a larger amplitude than any of the 
Rabi-subharmonic resonances. 

The effects of atomic motion are illustrated for the case of 
copropagating waves in Fig. 3. In Fig. 3(a), the homoge- 
neously-broadened absorption coefficient a2 [(4)] is evaluated 
as a function of the normalized probe-pump detuning 6T, for 
the case of equal-input intensities, radiative broadening, a total- 
input intensity equal to 1 X 1061,, and a normalized detuning 
from resonance of A,  T, = -500. The scaling of the horizontal 
axis was chosen to show clearly the structure of the subhar- 
monic resonances near zero relative detuning. In Fig. 3(b), the 
effective-absorption coefficient shown in Fig. 3(a) is averaged 
over a Maxwellian distribution of atomic velocities. The Dopp- 
ler width is taken to be 200 natural linewidths. Doppler aver- 
aging severely reduces the amplitudes of the subharmonic 
resonances because the generalized Rabi frequency depends on 
atomic velocity through Doppler shifts in the pump detuning 
from resonance A , .  Consequently, the position of the Rabi res- 
onances is different for each velocity group. In contrast, the 
Rayleigh-resonance line shape is relatively insensitive to the 
pump detuning from resonance A,, but depends strongly on the 
probe-pump detuning 6 measured in the reference frame of the 
atom. Therefore, since the probe-pump detuning is independent 
of atomic velocity for copropagating beams, the Rayleigh res- 
onance is not broadened by atomic motion. 

The effects of propagation are included by integrating (1) nu- 
merically. We define the power-transfer efficiency as the frac- 
tion of the total incident power that is contained in one of the 
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Fig. 3 .  Effective absorption coefficient for the probe beam plotted against 
the probe-pump detuning without (a) and with (b) Doppler broadening. We 
have assumed equal-input intensities, radiative broadening, a total-input 
intensity 1,,,,1(0) = 1 X 1061,, and a normalized detuning from resonance 
of A I  TI = -500. In (b), the effective absorption coefficient is averaged 
over a Maxwellian distribution of atomic velocities appropriate for a vapor 
of potassium atoms at 250°C. Atomic motion completely washes out the 
resonances near the Rabi subharmonic frequencies, but does not affect the 
Rayleigh resonance. 
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Fig. 4. The transfer efficiency at the peak of the Rayleigh resonance plot- 
ted against the interaction path length NuJ.  for various values of the total- 
incident intensity. The input waves have equal intensities and the transition 
is radiatively broadened ( T , / T ,  = 2 ) .  As the incident intensity increases, 
the maximum coupling increases and occurs for a larger interaction path 
length. Note that transfer efficiencies as high as 95% are predicted. For 
each value of the incident intensity, the laser detuning from resonance is 
taken to be equal to one-half of the Rabi frequency for one of the input 
waves, which we have found from numerical calculations to be nearly the 
optimum value. 

output waves. In Fig. 4, the power-transfer efficiency, evalu- 
ated at the peak of the Rayleigh resonance, is plotted as a func- 
tion of interaction path length Nu,L for various values of the 
total-input intensity. We assume the case of equal-input inten- 
sities, radiative broadening, and copropagating waves. For each 
plot the detuning of the pump wave from resonance AI is taken 
to be one-half of the Rabi frequency Cl associated with one input 
wave. We have observed from our computer calculations that 
this detuning is nearly optimal. This detuning is nearly optimal 
because it corresponds to the best compromise between en-. 
hancement of the nonlinearity which occurs near resonance and 
decreased absorption which occurs far from resonance. As the 
total input intensity increases, the maximum-power transfer ef- 
ficiency increases and occurs at a higher value of Nu,L. Note 

that the calculated coupling efficiency is - 95 % when the total- 
input intensity is equal to 1 x 106Zs and the absorption path 
length is -5  X lo4. 

EXPERIMENT 

The experimental setup is illustrated schematically in Fig. 5. 
A pulsed alexandrite laser [20] was tuned near resonance with 
the potassium 42 SI /2 -+ 4' P312 transition using a four-plate bi- 
refringent filter and a 1 mm thick Ctalon. The detuning of the 
laser frequency from resonance was monitored using a 3/4- 
meter Czemy-Turner spectrometer in conjunction with a linear 
detector array and optical multichapel analyzer. The spectrom- 
eter provided a resolution of 0.03 A and was calibrated through 
the use of a potassium arc lamp. The output spectrum of the 
laser typically consisted of two longitudinal modes. The data in 
Figs. 6-7 were measured with the laser free running; the data 
shown in Fig. 8 were obtained with a Q-switched oscillator, so 
that each data pair represents the energy coupling experienced 
by a single laser pulse. The temporal output of the free-running 
laser consisted of a train of 2-5 pulses, each approximately 1 
ps in duration and having an average pulse energy of about 150 
p J. When the alexandrite laser was Q switched, it produced a 
single output pulse of 500 ns duration and an average energy of 
about 150 p J .  The corresponding peak laser intensity at the po- 
tassium cell was approximately 2 x lo6 times the line-center 
saturation intensity (2.8 mW/cm2) for this transition in potas- 
sium. 

In order to produce two beams with the necessary relative 
frequency detuning, the laser output was passed through two 
variable-frequency traveling-wave acoustooptic modulators. 
Since each modulator can be tuned over a 40 MHz range about 
its nominal operating frequency of 80 MHz, this arrangement 
allowed us to vary the relative detuning of the two diffracted 
beams over a range that was much larger than the 3 MHz width 
of the Rayleigh resonance. The first-order-diffracted compo- 
nents from the acoustooptic modulators were brought together 
in a 7 mm long potassium-vapor cell consisting of a stainless- 
steel body and sidearm. The sidearm temperature was typically 
between 200 and 25OoC, corresponding to a potassium number 
density of 1014-1015 atoms/cm3. Polarization distortions were 
minimized by using zero-degree-oriented sapphire windows at 
near-normal incidence. 

We observed experimentally that the measured transfer effi- 
ciency depends critically upon the crossing angle of the beams 
in the potassium cell. The strength of the Rayleigh resonance 
is known theoretically to be largest for a zero beam-crossing 
angle, and decreases rapidly with increasing crossing angle due 
to the effects of atomic motion [ 113. However, at small crossing 
angles, Raman-Nath scattering [21] into higher orders causes a 
substantial loss of energy from the two transmitted beams. We 
have determined experimentally that the smallest crossing angle 
for which Raman-Nath scattering did not significantly degrade 
the coupling efficiency was -0.6'. 

The total-peak intensity incident on the cell was varied from 
1 W /cm' to 40 kW /cm' with a variable attenuator consisting 
of a rotatable half-wave plate and a linear polarizer. The inte- 
grated energy of each transmitted beam, as well as the total- 
input energy, was recorded for each laser shot using large-area 
photodiodes, an analog-to-digital converter, and a laboratory 
computer. The energy-transfer efficiency measured in the ex- 
periments is defined as the fraction of the total-incident pulse 
energy contained in one of the output pulses. All of the data in 
Figs. 6-8 were obtained using input pulses of equal energy. 
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Fig. 5. Experimental setup. The output of a pulsed alexandrite laser is split 
into two beams with variable frequencies by a pair of independently con- 
trollable acoustooptic modulators. The two beams intersect in a cell con- 
taining a vapor of potassium atoms. The transmitted energies of the beams 
are monitored with large-area integrating detectors. 

probe-pump detuning (MHz) 

Fig. 6. Energy transfer efficiency plotted against the relative detuning of 
the two input beams. The detuning of the pump beam from the atomic 
resonance frequency was -21 GHz, and the incident pulses had equal en- 
ergy' 
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Fig. 7. Dependence of the energy transfer efficiency on the pump detuning 
from resonance. The probe-pump detuning was fixed at 3 MHz to optimize 
the coupling efficiency. The solid curve shows the predictions of the theory 
described in the text. 
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Fig. 8. Fraction of the total-input energy leaving in each of the output 
beams plotted against the total-input energy, The probe-pump detuning was 
3 MHz, and the laser was detuned from resonance by -38 GHz. For a total 
input energy of - 75 p J ,  as much as 85 % of the total incident energy was 
contained in one of the output beams. The solid curve shows the predictions 
of theory. 

The dependence of the energy-transfer efficiency on the rel- 
ative detuning of the two input beams is plotted in Fig. 6. Each 
data point was obtained by setting the frequency of one of the 
acousticooptic modulators to provide the desired relative detun- 

ing, and then realigning the two beams to compensate for the 
small resulting angular misalignment. The pump was detuned 
from the stationary-atom resonance frequency by - 2 1 GHz (that 
is, 21 GHz toward the red end of the spectrum) and each Dulse 
contained 20 p J of energy. The body of the vapor-cell was held 
at a temperature of - 220°C. The maximum coupling efficiency 
occurred when the frequency of the pump beam was - 3 MHz. 

In Fig. 7, we show the dependence of the coupling efficiency 
on the detuning of the laser from the atomic-resonance fre- 
quency. The probe-pump detuning was 3 MHz, which opti- 
mizes the coupling efficiency as observed in Fig. 6. These data 
were obtained with each input pulse containing 20 p J of energy. 

The fraction of the total input energy contained in each trans- 
mitted beam is plotted in Fig. 8 versus the total-incident energy. 
The two beams were detuned from each other by 3 MHz, the 
laser was detuned from the atomic resonance by -38 GHz. Note 
that for total-input pulse energies on the order of 100 pJ, as 
much as 85 % of the total-incident energy was contained in one 
of the transmitted beams. The solid lines shown in Figs. 7 and 
8 are theoretical predictions obtained by numerically integrating 
the coupled-intensity equations (1) for conditions similar to 
those of our experimental study. We take the laser spot size 
within the atomic vapor and the temperature of the atomic vapor 
to be free parameters in our numerical analysis. We found that 
to obtain a good fit to the data, the laser intensity inside the cell 
was assumed to be six times larger (i.e., a 0.4 mm beam di- 
ameter) than the measured value, and the vapor temperature was 
45°C lower (175°C for Fig. 7 and 205°C for Fig. 8) than the 
value measured at the sideam. The discrepancies between the 
values of the intensity could be explained by the fact that in the 
theory we assumed monochromatic plain waves for the laser 
beams, whereas the experimental beams would be more accu- 
rately described by Gaussian temporal and spatial profiles. The 
discrepancy between the values for the vapor temperature could 
be due to optical pumping effects, which would decrease the 
effective number density, or due to temperature gradients within 
the cell. 

DISCUSSION 

The largest measured coupling efficiency of - 85% (Fig. 8) 
represents a substantial energy transfer from one laser beam to 
the other. However, the theoretical results shown in Fig. 4 sug- 
gest that a transfer efficiency of - 95 % should have been ob- 
served within the range of conditions accessible in our 
experiment. This mild disagreement can be attributed to the fi- 
nite spatial and temporal extent of the laser beams used in the 
experiment. Some loss of efficiency occurs as a result of the 
weak coupling between the less intense parts of the pulses. 

Finally, the interpretation of the experimental situation is 
complicated by the unavoidable presence of self-focusing and 
defocusing. On the self-focusing side of resonance, we were not 
able to measure transfer efficiencies as large as those measured 
on the self-defocusing side of resonance. The breakup of the 
beams due to self-focusing probably reduces the length over 
which the beams interact, and hence degrades the transfer effi- 
ciency. 

CONCLUSION 

We have shown theoretically that the interaction of two in- 
tense waves by means of the Rayleigh resonance can result in 
efficient energy transfer from one wave to the other. We verified 
this theoretical prediction by investigating the coupling of two 

. 
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equal-energy laser pulses in potassium vapor. We observed that 
up to 85% of the total energy in the two input pulses could be 
contained in one of the output pulses. The results presented here 
suggest that this interaction may be suitable for laser-beam 
combining applications. 

APPENDIX 

In this Appendix, we derive (1)-(2) for the intensities of two 
nearly-copropagating plane waves as they interact in a system 
of two-level atoms. The optical fields are assumed to be linearly 
polarized along the direction normal to the interaction plane and 
to have amplitudes A,  and A,, frequencies w ,  and w2, and wave 
vectors kl and k2, respectively. The total optical field is then 
written 

~ ( r ,  t )  = [ ~ , ( r )  exp [ i ( k ,  . r - w , t ) ]  

+ A 2 ( r )  exp [ i ( k 2  r - w 2 t ) ] ]  + C.C. ( A l )  

The interaction of a single stationary atom with the two optical 
fields is described by the equations of motion for the elements 
of the density matrix [22] 

where Pba describes the coherence between atomic states I a >  
and 1 b> , w = pbb - pao is the atomic inversion, wgq is the 
steady-state population inversion in the absence of applied fields 
which we take to be equal to - 1, T2 is the dipole-dephasing 
time, TI is the population relaxation time, and wo is the atomic- 
resonance frequency. In the rotating-wave approximation, the 
atom-field interaction energy V,b is given by 

Vba(r3 t )  = -p[Al(r)  exp [i(kl * r - w , t ) ]  

+ A 2 ( r )  exp [ i (k ,  . r - w 2 t ) ] ] .  (A4) 

In order to solve (A2) and (A3), we introduce the following 
Floquet expansions for Pba and w :  

pba(r ,  t )  = [ 5 d,exp [ i n [ ( k 2  - k , )  r - 6 t ] ] ]  
n = - m  

. exp [i(k, * r - w l r ) ]  ('45) 
m 

w ( r ,  t )  = w, exp [ i n [ ( k 2  - k , )  * r - S t ] ]  
n = - m  

. ( w - ,  = w,*) ('46) 

where 6 = w2 - al. After substituting (A5)-(A6) into (A2)- 
(A3), the coefficients of those terms having the same frequency 
dependence are equated, giving 

P 
f i  

inSd, = - ( i A ,  - 1/T2)dn + i -  [ A l w n  + A 2 ~ n - l ]  

in6w, = - [ p ( d n A ?  + d n + , A : )  

(A7) 

2i 
A 

- P ( ~ * , A I  + d-(n-~y42)]  + (A8) 
(wn + 6 n o )  

TI 

where A I  = w 1  - wo and S j j  is the Kronecker delta. We solve 
(A7) ford, and substitute the result into (A8) in order to obtain 
the following recursion relation for the coefficients w,: 

in6Tlwn = (1  + MI,ZI + M2,Z2)wn + L,ZCwn-, 

1 + L, = - 
1 - i ( A l  + n6)T2 1 + i ( A 2  - n6)T2 

z, = C A : A ~  
27r 

where A2 = w2 - wo and Z, = ch2/87rIp12T, T2. If we define 
R ,  = w , / w ,  - I, then, for n # 0, (A9) can be expressed as 

. (A14) 

In order to obtain the terms in the nonlinear polarization that 
are phase-matched to either of the two incident waves, we must 
derive explicit expressions for w,, and w I  . Iterating (A14) yields 
one relation between wo and w,: 

-Ln 1, R, = 
1 + MInZI + M2,,Z2 - inSTl + LnilZ~Rni1 

- R I  = -LIZcF (A151 
WI 

WO 

_ -  

where F is the continued fraction 

1 
('416) F =  

(L2Y 11, l 2  1 + 9 1 -  

I_I 

and 9, = MlnZl + M2,Z2 - in6 TI. Setting n = 0 in (A9) yields 
a second relation between wo and wI :  

-(1 + MloZl + M2012)wO = &Z,W? + LIZ:wl + 1. (A17) 

Equations (A15b-(A17) can be solved for wO and w ,  to give 

- 1  

1 + AIZI/Z, + A2Z2/Zs - 21Z,12 Re { ( L , ) Z F }  
('418) WO = 

(A191 
LI 

WI = 
1 + A,Z,/Z, + A2Z2/Zs - 21Zc(2 Re { ( L , ) Z F }  

whereh, = 1/[1 + (A,T2)'],j = 1, 2. Ifweretainonlythose 
terms in (A5) that are phase matched to either of the two inci- 
dent waves, the expansion of pba (r ,  t )  becomes 

Pba( r ,  t )  = do exp [ i (ki  . r - WI~)] 

+ d l  exp [i(k2 r - w Z t ) ]  (A20) 
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where 

and 

The variation in the amplitudes of the two waves as they 
propagate through a collection of stationary two-level atoms is 
described by Maxwell’s wave equation: 

where P( r ,  t )  is the polarization, which is given by 

P ( r ,  t )  = Nppbu( r ,  t )  + C.C. ( A24 ) 

where N is the atomic number density. By combining (A20)- 
(A24) and making the slowly-varying-envelope approximation, 
we obtain the following coupled equations for the slowly-vary- 
ing field amplitudes: 

dA’ - ’ ( 1  + i A ,  T2)NuoAi  ( 1  - L ~ F * Z 2 ) w o A l  
dz’ 2 (A25) 

1 
dz’ 2 
- -  dA2 - - [ l  + i A 2 T 2 ] N a o A 2 ( l  - L l F l i ) w o A 2 .  ( A X )  

In (A25)-(A26), z‘ = z/cos 0,  where z is the axis along the 
bisector of wave vectors kl and k2 and 219 is the crossing angle 
between the waves in the nonlinear medium (Fig. I ) ,  uo = 
47r 1 p 1’ T2wo/hc  is the weak-field, linecenter intensity absorp- 
tion cross section. In deriving (A25)-(A26), we have assumed 
that 6 << wo and that the two waves are nearly copropagating 
in the nonlinear medium (sin 8 << 1 ). The coupled equations 
(1) and (2) for the intensities of the two waves follow directly 
from (A25)-(A26). 
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