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Heterodyne detection of backward four-wave mixing in resonant gas media allows one to
explore both real and imaginary parts of the reemitted electromagnetic fields. It provides
the first experimental proof of the dispersive character of nonlinear susceptibilities in
the saturated regime. It also allows one to demonstrate the strong directional anisotropy
of the saturation induced by either forward or backward pump wave.

PACS numbers:

Recent work in phase-conjugate (PC) optics®
has been partly stimulated by the quest of large
PC mirror reflectivities. In comparison with
solid materials which can exhibit high reflectivi-
ties,? one advantage of gas media is to accept
very intense irradiations without irreversible
damage. Recently, Lind and Steel® got a cw effi-
ciency exceeding unity by resonant backward
degenerate four-wave mixing (DFWM) in Na va-
por. Up to now, current experimental informa-
tion has been limited to the intensity of PC emis-
sion. In this Letter, we report on the results ob-
tained via a powerful technique based on an opti-
cal heterodyne detection scheme* which allows
one to monitor simultaneously the real and imagi-
nary parts of the nonlinear susceptibility (xni)
responsible for PC emission, and we give the
first experimental evidence for the dispersive
character of saturated DFWM in resonant gas
media. We also demonstrate the strong direc-
tional anisotropy of the saturation induced by
either forward or backward pump wave, and pre-
sent the general outline of a strong-field theoreti-
cal analysis supporting all these observations.

From the very first experiments of cw DFWM
conjugation in resonant gas media (Liao, Bloom,
and Economou®), one knows that the PC line shape
exhibits two main characteristics: (i) At low in-
tensities, it is Doppler free, at least for small
crossing angles between pump and probe, and
(ii) for increasing (and equal) pump intensities,
the emission line shape broadens and splits, tend-
ing towards a fully resolved double-peak struc-
ture. As an example, such a frequency behavior
is shown in Fig. 1(a), in the case of resonant
DFWM at A =640 nm in a neon discharge [transi-
tion 1s, (J =2)~2p, (/ =3)]. Up to now, two inter-
pretations have been suggested. (i) One is based
upon ac Stark splitting®; however, one should ex-
pect a substructure in both peaks, reflecting the
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different Rabi frequencies from each transition
between Zeeman sublevels. (ii) Another one is
based upon a faster saturation of the “absorption”
component (imaginary part) of the nonlinear sus-
ceptibility xn., as compared to the “dispersion”
component: At saturation, the total intensity
would behave like the square of a dispersion
curve. This behavior has been inferred by Woerd-
man and Schuurmans’ from a simplified model
based on the nonlinear response of stationary two-
level atoms to a cw plane wave. However, the
validity of such a model is questionable, since it
is well known® that, in the absence of propagation
effects, an exact, nonperturbative treatment of
DFWM in stationary absorbing media always pre-

D
200 MHz
—
1 mW/mm?2

2.5 mW/mm?
A
@ (b)
-2mW/mm? x2 D‘Jl/-
.1 mW/mm? x10

J mwW/mm?2
A\’L

FIG. 1. PC emission line shape at 640 nm in a Ne
discharge, for various pump powers, as indicated
(probe power <0.1 mW/mm?. (a) Frequency dependence
of the PC intensity. (b) Heterodyne detection (at fre-
quency 26 =44 MHz) of the PC field amplitude. A, ab-
sorption. D, dispersion.
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dicts a single-peak line shape: A comprehensive
treatment should take into account the decisive
influence of the inhomogeneous broadening coming
from the velocity distribution.

To get a deeper understanding of these nonline-
ar processes, we have used a heterodyne detec-
tion technique (Fig. 2) in which the amplitude of
the conjugate field is monitored. In principle,
the optical setup, similar to that described in
Ref. 4, consists in two standing waves (pump
wave, frequency w; probe, w +0) crossing in a
Ne discharge cell at an angle §=21°. These two
beams are generated by an acousto-optic deflec-
tor (AOD) operated with two rf frequencies, and
are kept collimated along their path by means of
convenient optics (Fig. 2). This allows us to pro-
duce a constant saturation over the interaction
volume. Via nearly degenerate four-wave mixing
(FWM) processes, two conjugate fields at fre-
quency w -0 are reemitted counter-directionally
to either probe, and are observed through their
heterodyne beating with the other probe, at fre-
quency 26. These beat signals, I, or I,, are
monitored by a high-frequency phase-sensitive
(lock-in) detector, yielding phase and quadrature
components simultaneously. With an adequate
choice of the reference phase, one gets signals
proportional to the real and imaginary parts of
XNL«

Figure 1(b) shows the beat-signal line shape for
various (and equal) pump intensities, at » =640
nm. At low pump intensities, xyL, as predicted
by third-order perturbation theory,”!° is Doppler
free and satisfies a Kramers-Kronig-type rela-
tionship, xn. = x® < (v - iy)"! where v =w — w, is
the frequency detuning and y the homogeneous
linewidth. Absorption (A) and dispersion (D) con-
tributions have the same amplitude. With increas
ing pump intensities, Kramers-Kronig relations
break down, and a striking difference appears be-
tween A and D amplitudes. In the fully saturated
regime, D/A amplitude ratios as large as 7 were
observed on several neon transitions (involving
different angular momenta). This result fully
justifies the conclusion that the emission line
shape follows the square of a dispersion curve.

To further discriminate between the optical sat-
uration induced by forward (f) and backward ()
pump wave, a series of experiments has been
performed in which the return pump wave of Fig.
2 was strongly attenuated, in order to isolate the
saturation produced by a single, intense running
pump wave. Now the beat signals I, and 7/, be-
have differently. Figures 3(a) and 3(b) show the

720

FIG. 2. Basic scheme for heterodyne detection of
FWM emission (AOD, acousto-optic deflector; DP,
double prism; A, attenuator, used in experiments of
Fig. 3).

signal line shapes respectively observed on /;
and I,, at » =607 nm [Ne transition 1s, (/ =1)

- 2p, (7=0)]. In these experiments, the two re-
turn beams (pump and probe) have parallel linear
polarizations, orthogonal with the incident ones
(the cell being placed between cross polarizers).
The directional anisotropy of the pump saturation
appears in the following remarkable features:

(i) When the saturating beam is the forward pump
(pump nearly copropagating with the probe),

A and D components keep equal amplitudes, but
the optical saturation affects their line shapes
[11, Fig. 3(a)]: At the onset of the saturating re-
gime, a narrow structure appears at line center,
on both components. At full saturation, this
structure has grown to a full-scale amplitude,
dramatically altering the original A and D line
shapes. Also the overall A-D amplitudes, after
reaching a maximum value, decrease with in-
creasing f pump intensity and go back to zero.
Note that, at saturation, the double-peak struc-
ture of the infensity line shape is no longer of dis
persive origin, but is mainly caused by the char-
acteristic absorption line shape which exhibits a
minimum at line center. (ii) For a backward sat-
urating pump [7,, Fig. 3(b)], the main feature is
the change in the A/D ratio, producing a strongly
dispersive character similar to the one observed
for equal pump intensities. At saturation, the
signal amplitude reaches a finite (nonzero) value,
which is much larger (by at least one order of
magnitude) than the one obtained for a forward
saturating pump.

All these observations can be interpreted with
a density-matrix calculation of the nonlinear sus-
ceptibility, limited to first perturbation order in
the probe and weak pump fields, but taking into
account through a nonperturbative treatment the
effect of arbitrary intensities of the strong pump.*
In this calculation, the J=1- 0 transition inter-
acting with cross-polarized fields is described as
a three-level system (with degenerate frequen-
cies). Probe and pump f interact with one transi-
tion, while cross-polarized pump b interacts
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with the coupled transition. The final result is
averaged over the velocity distribution. In the
Doppler limit, for small crossing angles, one
gets analytical expressions for xy.. As an exam-
ple, an intense forward pump produces a saturat-
ed xno of the form

2 +S v =i
2(1+8)*2 (v —iT")?

with T=[1+ 3(1 + $)"/2ly/4 and T"=[1 +6(1 +5)/2/(2
+8)]y/4. One assumes a single relaxation rate
v, and S =Q2%/y? is the normalized f-pump inten-
sity (2, Rabi frequency). For a backward satura-
ting pump, the expressions are more complicat-
ed.!’ Figures 4(a) and 4(b) show that the DFWM
line shapes predicted by such calculations accu-
rately reproduce the main experimental features.'?
A number of experimental results may be ap-
prehended if one recalls that, in presence of the
thermal motion, the contribution of the population
grating induced by probe (p) and forward pump (f)
is predominant, because of its large spacing.
Thus, if pump f is the intense one, it saturates the
transition on which the population grating is creat-
ed. At full saturation, the grating contrast tends
to vanish, as does the light interference pattern
produced by probe and pump f: The overall PC
intensity goes to zero [ Fig. 4(a)].
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Probe and return pump intensities are kept below a nonsaturating level, 0.1 mW/mm?,
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PC emission line shape at 607 nm, in Ne with a single saturating pump (powers are as indicated; 20 =44

2 (a) Forward satur-

Such a behavior does not exist for a backward
(b) saturating pump. The p-f grating contrast is
not directly affected by pump b saturation. How-
ever, as pump b saturates the atomic system
more and more strongly on line center, it ex-
plores the atomic response further in the line
wings, where the dispersive character becomes
predominant. The emission saturation may be

FIG. 4. Theoretically predicted DFWM line shapes

(SI/Z)WL vs w) in a single-lifetime model. (a) f saturat-

ing pump, (b) b saturating pump.
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FIG. 5. Theoretical peak reflectivity vs (f or b)
saturating pump intensity.

understood by realizing that the conjugate field is
radiated at the expense of an equal number of pho-
tons from the fwo pumps. I pump f is kept at a
finite, nonsaturating intensity level, the emission
intensity cannot increase indefinitely. Figure 5
shows the PC reflectivity as a function of the
saturating pump intensity, and exemplifies the
anisotropic behavior of the DFWM efficiency. As
regards D/A ratio, this directional anisotropy
presents some analogy with saturated absorption:
One knows' that a strong traveling wave satu-
rates its own absorption but not its refraction in-
dex, while it saturates equally the absorption
rate and the index of a weak counter-propagating
field. This feature is not specific to a three-
level system: Indeed, a fifth-order perturbation
treatment for two-level systems predicts a simi-
lar behavior.

This set of results demonstrates that hetero-
dyne detection is an ideal tool for an accurate
knowledge of high-order nonlinear susceptibili-
ties. This knowledge should bring a substantial
help for improving the reflectivity of PC mirrors,
and more generally for the operation of PC reso-
nators.® The directional anisotropy, which is a
typical effect of inhomogeneous broadening, sug-
gests that an optimum ratio of the two pump in-
tensities must exist. Work in this direction is
under progress.
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