
with
using
gy lev-
o-

a
tart to

deas

rfer-
ts are
near
Raman
RFP

d. In
en the
tuned
le-
-

cheme

JETP LETTERS VOLUME 69, NUMBER 12 25 JUNE 1999
Quantum interference and Manley–Rowe relations
in resonant four-wave frequency mixing in an optically
thick Doppler-broadened medium
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It is shown that under resonant interaction conditions certain notions in
nonlinear optics which are based on the Manley–Rowe relations no
longer hold because of the interference of elementary quantum-
mechanical processes. This conclusion is illustrated by numerical ex-
amples corresponding to the experiments performed. ©1999 Ameri-
can Institute of Physics.@S0021-3640~99!00512-5#

PACS numbers: 42.65.Hw, 42.50.2p

Coherent quantum processes accompanying the interaction of laser radiation
multilevel systems are attracting a great deal of interest because of the possibility of
such processes to manipulate nonlinear-optical responses, the populations of ener
els, refractive indices, and absorption in resonant media.1,2 Such processes include res
nant four-wave processes~RFPs!. However, under resonant conditions, together with
giant increase in the nonlinear susceptibilities, many other attendant processes s
play a principal role. This can lead to qualitative contradictions with conventional i
that hold in limiting cases. The present letter is devoted to this question.

Relatively few experiments have been performed to investigate quantum inte
ence in RFPs in a continuous-wave monochromatic radiation field. Such experimen
difficult because three quite powerful single-frequency lasers with frequency tuning
the resonances must be used simultaneously. One possible solution is to use a
transition scheme. Then only two tunable radiations are required in order to obtain
by generation of a third radiation on an adjacent transition in the optical pump fiel
addition, if molecules with many closely spaced levels are used instead of atoms, th
characteristics of the interacting transitions can be varied and generation can be
over a wide frequency range. This possibility was recently realized using the doubL
transition scheme in sodium dimers~Fig. 1!.3 Similar possibilities have been demon
strated for iodine molecules. For this reason we take as an example the transition s
9120021-3640/99/69(12)/5/$15.00 © 1999 American Institute of Physics



am-

t

ram-
he
ses,

usly
ompli-
y and

of

913JETP Lett., Vol. 69, No. 12, 25 June 1999 Popov et al.
corresponding to Fig. 1. The system of wave equations for the slow complex field
plitudes is

dE4,2~z!

dz
5 is4,2~z!E4,21 i s̃4,2~z!E1E3E2,4* , ~1!

dE1,3~z!

dz
5 is1,3~z!E1,31 i s̃1,3~z!E4E2E3,1* . ~2!

Here s j (z)522pkjx j (z)5dkj (z)1 ia j (z)/2, dkj and a j are the intensity-dependen
resonant components of the wave numbers and absorption coefficients,s̃4(z)
522pk4x̃4(z) and so on are intensity-dependent complex nonlinear-coupling pa
eters for four-wave mixing, andx j and x̃ j are the corresponding susceptibilities. T
conditionv41v25v11v3 is assumed to hold. Switching to real amplitudes and pha
we obtain

dA4,2/dz52a4,2A4,2/22~ s̃4,29 cosQ1s̃4,28 sinQ!A1A2,4A3 , ~3!

A4,2df4,2/dz5dk4,2A4,22~ s̃4,29 sinQ2s̃4,28 cosQ!A1A2,4A3 , ~4!

dA1,3/dz52a1,3A1,3/22~ s̃1,39 cosQ2s̃1,38 sinQ!A2A3,1A4 , ~5!

A1,3df1,3/dz5dk1,3A1,31~ s̃1,39 sinQ1s̃1,38 cosQ!A2A3,1A4 , ~6!

whereQ5f12f21f32f42Dkz andDk5k12k21k32k4 .

If several strong fields interact with a multilevel system, then the simultaneo
occurring elementary processes and interfering quantum paths together lead to a c
cated dependence of the optical characteristics of the medium on the frequenc

FIG. 1. Scheme of energy levels and transitions in the Na2 molecule which were used in the experiment
Ref. 3 ~the Raman laser runs on the transitions 1-3-2!.
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intensity of the radiation as well as on all the relaxation parameters by which indiv
processes can be discriminated.4 In the limit of weak nonperturbing radiations the e
pressions for the susceptibilitiesx̃ i become

x̃25
iK

d2
F 1

P43*
S Dn4

P4*
1

Dn3

P3
D 1

1

P41*
S Dn1

P1
1

Dn4

P4*
D G , ~7!

x̃45
iK

d4
F 1

P12
S Dn1

P1
1

Dn2

P2*
D 1

1

P32
S Dn2

P2*
1

Dn3

P3
D G , ~8!

x̃15
iK

d1
F 1

P43
S Dn4

P4
1

Dn3

P3*
D 1

1

P32*
S Dn2

P2
1

Dn3

P3*
D G , ~9!

x̃35
iK

d3
F 1

P12*
S Dn1

P1*
1

Dn2

P2
D 1

1

P41
S Dn1

P1*
1

Dn4

P4
D G . ~10!

wherePj5G j1 iV j are resonant denominators for the corresponding radiations~for ex-
ample, P45G41 iV4 , P435G431 i (V42V3), and so on!; d25G21 i (V11V32V4),
d45G41 i (V12V21V3), d15G11 i (V42V31V2), d35G31 i (V42V11V2); Dn4

5n12n4 , G4 is the homogeneous width of the transition 1–4, and so on;nj are the level
populations;K5d13d32d24d41/4\3; and, di j are the electric-dipole transition momen
~see Fig. 1!.

FIG. 2. Completely resonant four-wave conversion on Doppler-broadened transitions. All other accomp
processes are neglected.Gi — interaction parameters~Rabi frequencies, in MHz!, Gi0 — values at the entrance
into the medium,Z — thickness of the medium,Z0 — resonant absorption length of the generated radiation~at
the frequencyv4) in zero fields.G10550, G2051,G30540 ~in MHz!. These and the relaxation paramete
correspond to the experimental parameters.
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If only the lower level is populated and the departures from all resonances are
greater than the widths of the resonances, all susceptibilities are the same:x̃15x̃25x̃3

5x̃45x̃52Kn1 /V1V12V4 . The imaginary parts of the susceptibilities~including ab-
sorption! can be neglected in comparison with the real parts. We shall also assume
matchingDk50. Then the equation for the phase becomes

dQ/dz5s̃A1A2A3 cosQ/A4 .

Hence it follows that the phaseQ5p/2 is stable, and according to Eqs.~1!–~6! the waves
E1 andE3 become weaker, whileE2 andE4 grow. The number of photons\v1 and\v3

which have vanished is equal to the number of photons\v2 and\v4 which are gener-
ated, and the numbers of each are also equal. At first glance the same thing should
for the parametric part of the interaction in the resonant case also. However, in this
the susceptibilities become purely imaginary, and their magnitudes and signs diffe
their dependences on the radiation intensities are different.4

Inhomogeneous broadening due to the variance of the Doppler frequency sh
individual molecules can also have a large effect on the resonant nonlinear-optical
actions, leading to qualitative effects. In experiments appreciable conversion is ordi
obtained through the use of optically thick media in which the radiation intensities
along the medium. For this reason, using the analytical expressions in Ref. 4 to sol
problem posed, we shall illustrate the main results for the resonant case by num
experiments using an interactive computational program which we developed fo
purpose. The perturbation of the medium by the radiation, the Doppler broadening
effects due to the propagation of the initial and generated radiations in an optically

FIG. 3. Same as in Fig. 2 but with allowance for the Raman amplification at the frequencyv2 and the
radiation-perturbed absorption at all other frequencies. The parameters and notation employed are the
in Fig. 2.
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medium are taken into account. In accordance with the experiment, the model emp
assumes that each level is perturbed by only a single strong field, i.e., the fieldsE1 andE3

can be arbitrarily strong while all other fields are weak.4

The results of the numerical simulation of completely resonant conversion
Doppler-broadened medium, neglecting the attendant absorption processes, are pr
in Fig. 2, and the analogous results obtained with these processes taken into acco
presented in Fig. 3. As follows from Fig. 2, the relations obtained on the basis of
approach are in qualitative disagreement with the Manley–Rowe relations~the number of
photons\v1 increases, while the number of photons\v2 decreases!. Conversely, the
curves in Fig. 3, which were obtained with allowance for the attendant multiph
absorption and Raman amplification processes, completely agree with the notion
cerning the conversion of radiation in absorbing~amplifying! media.

In summary, the main result of this work is that under resonant conditions
contrast to nonresonant conditions, parametric conversion and absorption of ph
cannot be treated independently. This result is also confirmed by a direct analysis
expressions obtained in Ref. 4, the general forms of which are excessively compli
Some preliminary results of this work have been presented in Ref. 5.
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