
ves-
itions

of
ipula-
t con-
eristic
ongly
t letter
ppler

sub-
h the
ing to
ntary
change
mag-

ompo-
c-
d,
lation

JETP LETTERS VOLUME 69, NUMBER 2 25 JAN. 1999
Four-wave mixing under conditions of Doppler-free
resonance induced by strong radiation
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The possibilities of enhancing the nonlinear optical response of a gas-
eous medium and the radiation conversion efficiency in four-wave mix-
ing processes through the use of atomic coherence effects and the in-
duced elimination of the Doppler broadening of resonances are
investigated. Numerical illustrations of the effects are given for experi-
ments in progress. ©1999 American Institute of Physics.
@S0021-3640~99!00402-8#

PACS numbers: 42.65.Hw

1. A great deal of attention is being devoted to experimental and theoretical in
tigations of resonant coherent interaction of electromagnetic fields on quantum trans
~see, for example, Refs. 1 and 2!. This is explained by the favorable possibilities
studying quantum interference phenomena that in turn form the basis for the man
tion of the nonlinear optical properties of atomic–molecular systems and resonan
version of laser radiation. There are substantially fewer publications on the charact
features of the coherent interaction at Doppler-broadened transitions, which str
influence the manifestation of the processes indicated. Our objective in the presen
is to show that new resonances in the nonlinear susceptibility, which are free of Do
broadening, can be produced using auxiliary strong fields and atomic coherence. A
stantial increase in the quantum efficiency of conversion is achieved even thoug
absorption of the initial radiations increases at the same time. A model correspond
the experimental conditions of Ref. 1 is used for numerical illustrations. The eleme
physical processes on which the proposed method is based and which consist of a
in the frequency-correlation properties of multiphoton processes in strong electro
netic fields are discussed in greater detail in Ref. 3.

2. Consider the interaction scheme presented in Fig. 1. The waveE3(t,r ), interact-
ing with the transition 2–3, consists of two components,E3

1(t,r ) andE3
2(t,r ), having the

same frequencies but propagating in opposite directions. The wave vector of the c
nentE3

1 and the wave vector of the componentE3
2 are parallel and antiparallel, respe

tively, to the wave vectorsk1 andk2. It is assumed that only the lower level is occupie
and the radiation field at the 0–1 transition is so weak that the change in the popu
of this level can be neglected. The componentE3

1 of the field at the frequencyv3 is also
1100021-3640/99/69(2)/7/$15.00 © 1999 American Institute of Physics
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weak, and the componentE3
2 and the fieldE2, interacting with the transition 1–2, can b

of arbitrary intensity.

The system of equations for the density matrix in the interaction representatio
the form

L03r035 i $r00V031r02~V23
1 1V23

2 !%, L01r015 i $r00V011r02V21%,

L02r025 i $r01V121r03~V32
1 1V32

2 !%, ~1!

where

Li j 5]/]t1v–“1G i j , Vi j 5Gi j exp$ i ~V i t2kiz!%,

V23
6 5G23

6 exp$ i ~V3t7k3z!%, Gi j 52Ejdi j /2\, and G23
6 52E3

6d23/2\

are the Rabi frequencies characterizing the interaction,V i is the detuning from resonanc
for the corresponding resonant field~for example,V15v12v01), andG i j are the homo-
geneous half-widths of the transitions.

Thus, the induced atomic coherencer02 is a source of new components in th
polarizations responsible for the absorption and generation of radiation. We shall
sent the off-diagonal elementsr01, r02, and r03 as products of amplitude and pha
factors:

r015r 01exp$ i ~V12k1z!%1r 01
2 exp$ i @V1t2~k21k31k4!z#%,

r025r 02exp$ i @~V12V2!t2~k12k2!z#%1r 02
2 exp$ i @~V12V2!t2~k31k4!z#%,

r035r 03exp$ i @V4t2k4z#1 r̃ 03
1 exp$ i @~V12V21V3!t2~k12k21k3!z#%

1 r̃ 03
2 exp$ i @~V12V21V3!t2~k12k22k3!z#%.

Substituting these expressions into Eq.~1! and solving the system of algebraic equatio
for the amplitudes of the off-diagonal elements of the density matrix, we obtain ex
sions for the off-diagonal elementr 03 characterizing absorption and refraction of t
waveE4 in the presence of the strong fieldsE2 andE3

2 and for the off-diagonal elemen
r̃ 03

1 responsible for nonlinear polarization and susceptibility at the generated frequ
vS5v12v21v3:

FIG. 1. Resonant four-wave interaction scheme.
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r 035 i
G03

P03

P01
2 P02

2 1uG12u2

P01
2 $P02

2 1uG23
2 u2/P031uG12u2/P01

2 %
, ~2!

r̃ 03
1 5r 01

G12G23
1

P02P03
1

1

11uG23
2 u2/P03

2 P02

1

11uG23
2 u2/P03

1 P02
2

, ~3!

where

P025G021 i @V12V22~k12k2!v#, P02
2 5G021 i @V12V22~k31k4!v#,

P035G031 i ~V42k4v !,

P03
2 5G031 i ~V12V21V32kS

2v !, P03
1 5G031 i ~V12V21V32kS

1v !,

P01
2 5G011 i @V12~k21k31k4!v#, kS

25k12k22k3 , kS
15k12k21k3 ,

andv is the projection of the velocity of the atom on thez direction.

The solution for the off-diagonal elementr 01, characterizing absorption and refra
tion of theE1 wave in the presence of the strong fieldsE2 andE3

2 , has the form4

r 0152 i
G01

P01

P02P03
2 1uG23

2 u2

P03
2 $P021uG23

2 u2/P03
2 1uG12u2/P01%

, ~4!

whereP015G011 i (V12k1v). Using it, in lowest order of perturbation theory inG23
1 we

obtain from Eq.~3! the solution for the off-diagonal elementr̃ 03
1 :

r̃ 03
1 5

i

P01

G01G12G23
1

~P021uG23
2 u2/P03

2 1uG12u2/P01!~P03
1 1uG23

2 u2/P02
1 !

. ~5!

As the intensity of the interacting radiations increases, the nonlinear polarizati
first increases and then saturates. The higher the intensity, the larger the detuning
the resonances and the higher the polarizations at which saturation occurs. Inte
corresponding to resonant or quasiresonant optimal conditions are characteris
continuous-wave lasers. In gaseous media which possess sharper and stronger res
than condensed media, on account of Doppler effects only a small fraction of the a
is in one of the resonances.

We shall show that this limitation can be overcome by making use of the ef
considered above. For detunings from the unperturbed resonances substantially
than the corresponding Doppler widths,uGu2/P'uGu2/p2 ikvuGu2/p2, wherep are the
correspondingP factors atv50. Thus, together with a shift and broadening of t
resonances, strong fields induce additional Doppler shifts.3,5 Since Re$uGu2/p2%,0, kS

2

,0, it follows from Eq.~5! that there can be total compensation of the Doppler shifts
elimination of the inhomogeneous broadening of a two-photon resonance modifie
strong fields. Since in the process all atoms, irrespective of their velocities, are sim
neously entrapped in the indicated resonance, a substantial increase of the no
susceptibility and a simultaneous decrease of the saturation of nonlinear polarizatio
be expected. Using the indicated procedure, the cofactor, describing the modified
photon resonance, in the denominator of Eq.~5! can be represented in the form
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P̃02[P021uG12u2/P011uG23
2 u2/P03

2

'G̃021 i Ṽ022 i H S 11
uG23

2 u2

V4
2 D ~k12k2!1

uG12u2

V1
2

k12
uG23

2 u2

V4
2

k3J v, ~6!

whereG̃02 and Ṽ02 are the half-width and the position of the resonance with the fie
induced broadening and shift taken into account. The conditions for eliminating
dependence onv and therefore the Doppler broadening of the induced resonance fo
from Eq. ~6!.

We underscore that all effects considered here and below are in no way due
motion of populations, but rather they are a consequence of the appearance of co
superpositions of quantum states as a result of the modulation of the wave functio
strong fields.3 This is reflected in the appearance of traveling waves of coherence~de-
scribed by the off-diagonal elements of the density matrix! on forbidden transitions and
in the modification of their spectral dependences.

In contrast to the absorption and refraction processes studied in Ref. 3, whe
relative directions of propagation of the interacting waves can be arbitrary, freque
mixing processes require wave matching. This dictates only parallel directions of p
gation of the parametrically interacting waves. The strong counterpropagating wavE3

2

does not participate directly in the photon conversion process. It only perturbs the
tum system. The effect can also be interpreted as a contribution of higher-order reso
processes, in which the number of absorbed and emitted counterpropagating pho
the same, so that this does not result in momentum nonconservation for the ph
undergoing conversion. The resonances of the system and the degree of their inho
neous broadening can be manipulated by making use of the counterpropagating
and in this manner the conversion of radiations can be improved by making the c
choice of their intensity and frequency.

In contrast to cascade schemes, for transitions of the Raman scattering typek1 is
always greater thank2. Induced elimination of the Doppler broadening of a quasi-tw
photon transition by the strong fieldE2 is impossible. The proposed method, which
based on the use of an additional counterpropagating waveE3

2 , makes it possible to
overcome this limitation.

3. We shall illustrate the results of averaging with a Maxwellian velocity distribut
and the effect of eliminating the Doppler broadening of the induced resonances o
absorption and the nonlinear susceptibility. For numerical analysis, we employ th
rameters of the transitions of the sodium dimer molecule with the follow
wavelengths:1 l015661 nm,l125746 nm,l235514 nm, andl035473 nm. The corre-
sponding homogeneous half-widths of the transitions are 20.69, 23.08, 18.30, and
MHz, and the Doppler half widths are 0.678, 0.601, 0.873, and 0.948 GHz.

Figure 2 shows the normalized squared modulus of the velocity-averaged non
susceptibility (x̃) that determines the four-wave interaction of the radiations versus
probe-field detuning normalized to the Doppler half-width (Dv1D) of its transition. Nor-
malization was performed for the value of the same quantity in the frequency ran
interest in the absence of the counterpropagating wave. The strong field of the co
propagating wave produces a substantial shift and narrowing of the resonance
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nonlinear susceptibility. This follows from a comparison of the curve in the inset, sh
ing the spectral dependence of the same quantity in the absence of the counterprop
wave and normalized to the corresponding value with simultaneous exact one- and
tiphoton resonances in vanishingly weak fields. The Rabi frequency and detuning
field E2 are 2.35 GHz and 18.46 GHz (27.2•Dv1D), and the detuning of the fieldE3

2 is
1.83 GHz (2.7•Dv1D). Curve~a! corresponds to the optimal Rabi frequency, 0.89 GH
of the field E3

2 in which Doppler broadening of the transition 0–2 is eliminated. F
curve~b! the Rabi frequency, 1.06 GHz, is higher than the optimal value. The half-w
of the resonance in the inset is approximately 80 MHz, which corresponds to a Do
width of the unperturbed Raman transition of 7.8 MHz for resonance~a! and 8.4 MHz for
resonance~b!.

The formulas for the absorption coefficients have the form

a1~V1!5a01ReH G01

P01

P02P03
2 1uG23

2 u2

P03
2 $P021uG23

2 u2/P03
2 1uG12u2/P01%

J , ~7!

a3~VS!5a03ReH G03

P03

P01
2 P02

2 1uG12u2

P01
2 $P02

2 1uG23
2 u2/P031uG12u2/P01

2 %
J . ~8!

Analysis of these velocity-averaged expressions shows that the maxima of the abso
and nonlinear susceptibility as a function ofV1 do not coincide with each other.

4. Let us consider the combined effect of induced Doppler-free resonances i
absorption and nonlinear polarization on the generation of radiation. We seek a so
in the form

Ej~z,t !5Re$Ej~z!exp@ i ~v j t2kjz!#%, ~9!

wherekj is the complex wave number at the corresponding frequencykj5kj82 ia j /2.

FIG. 2. Doppler-free resonance induced in the nonlinear susceptibility by the strong radiation of a co

propagating wave.̂x̃& is the velocity-averaged value of the normalized nonlinear susceptibility: a — under
conditions of complete compensation of the Doppler broadening of the transition 0–2; b — under conditions of

partial compensation,̂x̄& is the same, in the absence of the counterpropagating wave.
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We shall confine our attention to the case of relatively small conversion factors,
that the fieldsE2 andE3

6 can be assumed to be constant throughout the medium, and
exponential absorption is taken into account forE1. Then the truncated equation fo
ES(z) has the form

dES~z!/dz5 i2pkS8xS
~3!E1~0!E2* E3 exp~2 iDkz!, ~10!

wherexS
(3) is the effective nonlinear susceptibility, investigated above, for the four-w

parametric processvS5v12v21v3 , Dk5kS2k11k22k3. The quantum conversion
efficiency ~QCE! for conversion ofE1 into ES radiation at the exit from the medium i
given by the formula

hq5~v1 /vS!uES~z!/E1~0!u2exp~2aSz!. ~11!

From Eq.~10! we obtain

hq~z!5~v1 /vS!~ u2pxS
~3!E2E3u2/uDku2!exp~2aSz!uexp~2 iDkz!21u2. ~12!

Figure 3 shows the QCE versus the optical thickness of the medium with probe
detuning corresponding to the peak of the nonlinear susceptibility under the conditio
phase matching (Dk850) and compensation of Doppler broadening of the transit
0–2. The Franck–Condon factors for the transitions considered in the sodium dimer
used in the calculation. The inset shows the same dependence but withE3

250, in which
case the conditions for the elimination of Doppler broadening are not satisfied. Com
ing these curves shows a large increase in the conversion efficiency, which solv
problem posed in this work.

This work was supported by the Ministry of Education of the Russian Federa
~Grant for Research in the Fundamental Natural Sciences! and the Russian Fund fo
Fundamental Research~Grants 97-02-00016G and 97-02-16092!.

FIG. 3. Increase in the quantum efficiency of the conversion ofE1 into ES radiation as a result of an induce
Doppler-free resonance (a01z is the optical thickness of the medium at frequencyv01).



116 JETP Lett., Vol. 69, No. 2, 25 Jan. 1999 A. K. Popov and A. S. Baev
*e-mail: popov@cc.krascience.rssi.ru

1S. Babin, U. Hinze, E. Tiemann, and B. Wellegehausen, Opt. Lett.21, 1186~1996!.
2M. D. Lukin et al., Phys. Rev. Lett.81, 2675~1998!.
3A. S. Baev and A. K. Popov, JETP Lett.67, 1018 ~1998!; A. K. Popov and V. M. Shalaev, Phys. Rev. A
~1999!, to be published; T. Ya. Popov, A. K. Popov, S. G. Rautian, and A. A. Feoktistov, Zh. E´ ksp. Teor. Fiz.
57, 444 ~1969! @Sov. Phys. JETP30, 243 ~1970!#.

4A. K. Popov, Izv. Ross. Akad. Nauk, Ser. Fiz.60, 99 ~1996!.
5C. Cohen-Tannoudjiet al., Opt. Commun.27, 71 ~1978!; S. Reynaudet al., Phys. Rev. Lett.42, 756~1979!;
S. Reynaudet al., Opt. Commun.42, 39 ~1982!; G. Vemuri, G. S. Agarwal, and B. Rao, Phys. Rev. A53,
2842 ~1996!.

Translated by M. E. Alferieff


