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Summary: This article summarizes the nonlinear optical methods allowing one to perform
optical phase conjugation, i e. spatial-phase reversal of an incoming electromagnetic wave.
Special attention is given to the most powerful technique — to date — which is based on dege-
nerate four-wave mixing (DFWM). One discusses the physical processes (one-photon and two-
photon 1esonances) responsible for DFWM. The generation of light-induced Bragg gratings, and
the analogy with real-time holography are emphasized, with a brief review of the applications
in adaptive optics and imaging (wavefront rectification, etc.). Also described are the spectros-
copic applications of DFWM (transient gratings, Doppler-free emission in gases, high-frequency
heterodyne spectroscopy), the polarization properties of phasc-conjugate mirrors, and the
operation of phase-conjugate resonators.

1 Introduction

The generation of an optical wave which is “phase-conjugate™ or “time-reversed”
of an incident wave by means of non-linear optical processes has been proposed in
the early 70’s by several research teams [ 1—3]. These methods and their applica-
tions, now described under the general appelation “phase-conjugate optics”, have
undergone a tremendous development in the last five years and span as various
research fields as adaptive optics, real-time holography, interferometry, high reso-
lution spectroscopy, laser-induced instabilities, wave propagation in the atmosphere,
laser fusion, etc. In this article, we first present the principle of phase conjugate
(PC) mirrors, and its practical consequences. After a brief discussion of the non-
linear processes which have been used for phase conjugation, the rest of this article
will be devoted to the most powerful technique, namely degenerate four-wave
mixing (DFWM) [4]. We will present the physical processes responsible for dege-
nerate four-wave mixing, its analogy with real-time holography and its use for wave-
front rectification, the spectroscopic applications of DFWM, the polarization
characteristics of PC mirrors based on DFWM, and finally the properties of phase-
conjugate resonators [ 5] .

2 The phase-conjugate (PC) mirror

An ideal “phase-conjugator” transforms an incident electromagnetic (e.m.) field
into an e.m. field exhibiting the same time-dependence but with a reversed spatial
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phase. For instance, from an incident monochromatic wave,
- > > -
Eo(r,t) =Re[Ao(r) '] 1)

the ideal phase-conjugator generates a wave having the same frequency, but a con-
jugate spatial dependence:

E,(T,t) = Re [A2(1) €] 1))

-
Then it acts like a special mirror, since a plane wave (“gveveg)tor ko, phase ¢ and
polarisation e ) is reflected with oppogite wavevector k; =—kg, opposite phase —y,
and complex conjugate polarisation, eg:
-

- - itk, -r —

R =R =egtepeltio F7 %) 3)
The PC__)mirror reflects a wavefront identical to the incident one, since each wave-
vector ko is transformed into its opposite. For instance, a diverging wave striking a
PC mirror is converted to a converging one, contrary to what happens with an
ordinary mirror (Fig. 1). This property is easily understood if one realizes that
E; can be considered as the time-reversed of E,, at the position of the PC mirror:

E(T,)=Eo(r,— t) )

The propagation laws of the e.m. field imply that it is verified everywhere, and thus
oblige the conjugate field to retrace back the path of the incident field. In particu-
lar, any deformation experienced by the incident wavefront through an aberrating
medium (such as a non-uniform glass plate, a turbulent atmosphere or an irregular
optical fiber etc.) will be transmitted (with phase reversal) to the reflected beam by
the PC mirror, and thus rectified after a second transit in the aberrating medium
(Fig. 2). This opens the way to real-time wavefront rectification, and the restora-
tion of distorted images to their original state. This property should have applica-
Fig. 1
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The phase delay imposed to an incident plane wavefront
by a glass plate is transformed by the “phaseconjugate
mirror™ (MC) into a phase advance which is thus exactly
canceled in the return way. On the opposite, for an
ordinary mirror (M), the two phase delays add in the
e.m. wave round trip.
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tions each time that an optical beam is distorted during its propagation: propaga-
tion in the atmosphere, information and image transmission in optical fibers, auto-
matic pointing and focussing on a target, laser fusion, photolithography, etc. These
applications of phase conjugation are developed in recent review articles [ 5] .

Various methods of conventional optics have been proposed to build PC mirrors:
this is one of the goals of adaptive optical systems. Worth noticing is a recent
demonstration of phase conjugator based on an array of corner reflectors [6] . In
this article, one considers non-linear optical phase conjugators only.

3 Non-linear optical methods in phase conjugation

Several processes of non-linear optics have been used to perform phase conjuga-
tion. One of the first methods was backward Stimulated Brillouin Scattering
(SBS) [3] [5] [7]. An intense optical wave interacts with a non-linear medium to
create an acoustic wave which propagates collinearly with the incident beam
(Fig. 3). Through acoustooptic interactions, the ¢.m. beam is reflected by the
acoustic wave which acts like a moving mirror. Thus an e.m. wave is generated
counter-directionally to the input wave. Due to the Doppler effect on the moving
mirror, its frequency is down-shifted by a value equal to the acoustic frequency.
The analysis shows that the Brillouin gain is maximum for a back-scattered wave
conjugate of the incident one. This can be understood if one realizes that the
acoustic wavefront is adapted to the incident optical wavefront, i.e. the density
variations of the active medium follow the intensity variations of the incident wave.
Thus the equivalent mirror follows a geometrical pattern exactly matched to the
incident wavefront, and reflects it back on itself (Fig. 3). In some cases, the
reflectivity of this “Brillouin mirror” can approach unity [3] [8]. The main
advantage of this technique is that it does not require any auxiliary beams. There
are related methods like stimulated Raman and Rayleigh scattering. In all these
methods, the re-radiated field is amplified from e.m. vacuum fluctuations, and the
amplification maximum is obtained for a conjugate field. For this reason, these
techniques are limited to very intense optical pulses.

\
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Contrary to the above methods, there is another class of conjugators which rely

on the non-linear mixing of several e.m. waves. For instance, in three-wave mixing
[9], the active medium interacts with two co-propagating beams at frequencies
w and 2¢w. Via absorption of one photon of frequency 2w, and emission of a
photon of frequency w, a non-linear polarization is driven at frequency w, which
radiates in the forward direction an e.m. field, whose phase is opposite to that of
the incident (w) field. Let us notice that this conjugator works in transmission, and
does not behave like a mirror. This method, which has been demonstrated in
lithium formate [10], presents two serious limitations: (i) there are severe restric-
tions on the angular divergence « of the input beam to be rectified, since the phase
matching is satisfied in the forward direction only. If L is the length of the sample
cell and A the optical wavelengh, & must satisfy «®> <A/L (~ 1° for L = 3 mm and
A =1 um). (ii) Three-wave mixing processes can be carried out only in media
lacking inversion center, because they need a non-zero second-order susceptibility,
x(z). There are no such restrictions for degenerate four-wave mixing processes,
which are presented in detail in the next sections.

4 Degenerate four-wave mixing

In degenerate four-wave mixing (DFWM), the active medium is irrad_i)ated by a
standing “pump”” wave (frequency w, wavevectors k; =k and k, =—k) and by a
probe, or “object” wave, which is to be rectified (frequency w, wavevector k. See
Fig. 4). By absorption of two oppositely propagating pump photons, and emission
of a probe photon, the nonlinear_) medig)m is able to re-emit a fourth photon of fre-
quency w; = w and wavevector K, =—Kg. In this process, both energy (since every
photon carries the same energy, hw) and linear momentum are conserved (there is
absorption_gf two oppgsite momentum quanta hk and —hk, and emission of two
quanta + fiky and — hk,). For this reason, in isotropic media, the phase-matchin_g)
of this nonlinear process is satisfied independently of the probe beam direction, kq.

To see that the re-emitted field is conjugate of the probe field, we have to calculate
the nonlinear polarizati_qn responsible for the re-radiated field. Let us suppose that
the incident e.m. field E is the sum of three plane waves (u=0, 1, 2. Fig. 4):

el®H +cc. (5)

where
> >

D, =wut—kyrtyg,  (6)

and

-> ->

€u=€y ey (7) Fig. 4 Configuration of backward

degenerate four-wave mixing (DFWM).
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€, ¢y and E; are respectively the amplitude, phase and polarization of wave u. The
properties of the re-radiated field are contained in the third-order susceptibility
of the medium, x® [11]. Among the various contributions to the induced non-
linear polarization (x(® -E -E-E, where x® is a tensor of fourth rank), let us con-
sider the following one:

—) .
(3) e ei®2 . (e e'®o)* + ¢ c.

- . -
=p,e‘(“’”ko"”"’l+“’2“"°)+c.c. (8)
with

-> 1 > = o
Pr=3 (3). €1 €, EO (9)

The corresponding macroscopic dipole polarization is matched to radiate a field at
frequency w, wavevector — Ko and having a phase, ¢; = ¢ * ¢, — o, Which varies
in opposite sense to the probe phase yo. The important point is that, independently
of the probe wavevector kg, a phase-conjugate field is re-emitted in opposite direc-
tion to the incident field. Thus the operation of this PC mirror is not limited by
phase-matching conditions, and can be used to reflect strongly aberrated waves.

Several characteristics of conjugators based on degenerate four-wave mixing
(DFWM) can be emphasized:

(i) Asregard wavevector and phase, DFWM conjugators behave like an ideal one
(section 2). But there is no particular reason for the polanzatlon of the reflected
beam to be the complex conjugate of the incident one, eo The polarization charac-
teristics of the conjugate beam may be deduced from the laws of conservation of
the global angular momentum of the e.m. field [12] (See section 9) and are con-
tained in the vectorial properties of P, ¢ . if propagation effects can be neglected, the
amplitude of the reemitted field follows:

& ~ipr (10)

(ii) Asshown by the energy conservation considerations presented at the beginning
of this section, the incident probe field is amplified, simultaneously to the emission
of the PC field. If the gain is large enough, the behaviour of the medium becomes
critical (unstable) and there is a possibility of mirrorless oscillation [ 13]. This will
be discussed in Section 10. This also implies that the reflectivity of the DFWM
conjugator may be larger than one, contrary to Brillouin mirrors reflectivity.

(iii) The phase-matching of the DFWM process is exactly satisfied for equal pump
and probe frequencies. In the case of a pump-probe frequency detuning, the phase-
matching is lost, and the mirror reflectivity decreases with increasing detuning.
Thus DFWM conjugators can be considered as narrow-band optical filters working
in reflexion [14].
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The first demonstrations of DFWM phase-conjugation have been performed in
dyes[1], Si[2],and CS, [15], as the active media. Since then, a wide variety of
materials (solids, liquids and gases), has been used for this purpose [ 5] .

The choice of a nonlinear medium presenting a large x*® value for the incident
wavelength is favorable to the DFWM efficiency [ 16] . For instance, x® enhance-
ments induced by the proximity of a resonance allow one to improve the PC mirror
reflectivity : this is the case when an optical resonance alters the absorption (non-
linear absorption — or saturation) or the dispersion of the medium (optical Kerr
effect). Photorefractive effects in electro-optic crystals, generation of electron-hole
pairs in semiconductors, optically-induced thermal effects in liquids can also be
linked to this general class of ¥ enhancement via single-photon absorption. As it
will be seen, in all these cases the DFWM process may be interpreted in terms of
real-time holography (simultaneous writing and reading of holographic gratings).
A different class of DFWM processes (without holographic interpretation) origi-
nates in resonant or near-resonant two-photon absorption. This second class is
closely connected to two-photon spectroscopy (in particular, Doppler-free two-
photon spectroscopy [17]).

5 One-photon resonantly enhanced DFWM and real-time holography

The physical processes responsible for one-photon-resonant DFWM can be appre-
hended by using a simple two-level model. The generalisation to multilevel structu-
res, or transition between energy bands (in solids or molecular liquids) is straight-
forward. The time-ordering of interactions between the e.m. field and the active
medium is imposed by the proximity of a resonant transition for the incident
frequency. If one reminds that two pump photons must be absorbed and one probe
photon emitted, thus the ordering necessary to make every step quasi-resonant is the
following one: a first mteractxon with either pump field (k, for mstance) a second
interaction with the probe ko , and the third one with the other pump, — 'Y (Fig. 5).
The net result is to generate an optical polarization phase-matched in direction
- ko Similarly there is an interaction ordering in which the two pump fields are
exchanged.

In these emission processes, the dominant intermediate step corresponds to the
creation in the medium of a spatial modulation of populations (or index). For in-
stance, let us ¢ consider the case when the active medium first interacts with pump
K and probe ko Due to the interference between both waves, the total e.m. field
exhibits intensity maxima and minima alternately distributed along equidistant
planes, perpendicular to the vector

K=K-Ko an
and separated by the spatial period

A =2n/K=2\/(25in8/2) (12)
where 0 is the angle (f, l_c)o) and A the optical wavelength.
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Fig. 5 Physical processes in two- S
level resonant DFWM (from o) ":
Ducloy et al. [30]). L
Fig. 6 Creation of a Bragg grating (spa-
tial period A) by probe (0) and pump (1),
on which pump (2) is diffracted.
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Fig. 7 Two-step holographic analog of DFWM: (a) Hologram recording, (b) Hologram
reading.

The effect of this e.m. field distribution is to induce in the interaction volume a
spatial modulation of either the populations of the energy levels (in the case of an
absorbing medium, on resonance) or the refraction index (for a dispersive medium,
in the resonance wings). This modulation pattern can be viewed as a volume grating,
of period A, impressed in the medium (Fig. 6). The return pump (- k) incident
along a Bragg grating direction, is diffracted in direction - ko, to yield the conju-
gate wave. Let us note that symmetrically, there i 1s another thick grating produced
by probe and pump (- k) [ spatial periad, /(2 cos )] on which pump k is diffracted.
The analogy with holography has been pointed out by A. Yariv [18]. In a first step
(“hologram writing”), reference (1) and object waves (0) produce a thin phase
pattern in the photographic plate (Fig. 7a). During the hologram reading, the return
reference wave (2) is diffracted by this holographic pattern to restore an image
which can be superimposed to the original object (Fig. 7b). In comparison, the
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DFWM process may be viewed as real-time holography, since a thick holographic
grating is simultaneously produced and read in the active medium by the three
incident waves. This interpretation shows why phase conjugation allows the real-
time processing of e.m. fields.

6 Real-time optical image processing and wavefront rectification

Many demonstrations of real-time processing of optical fields based on DFWM
processes have been perfomed with a large variety of materials [ 5] . Within a few
variants, they rely on the experimental set-up sketched in Fig. 8. This is the basic
DFWM configuration, in which an image is impressed onto the probe wavefront
by transmission through (or reflexion on) an object (testcard, slide, resolution
chart, etc...). An aberrating medium (irregular glass plate, transparent scotch-
tape, ...) disturbs the object wavefront and, with the help of beam splitters, the
conjugate image is observed, either distorted before traveling back through the
phase-disturbing medium, or restored after a second transit into this mec ium
(Fig. 8). As an example, Fig. 9 shows optical wavefront rectification performed

ABERRATING

DISTORTED
IMAGE

OBJECTY

PROBE RECONSTRUCTED
IMAGE

Fig. 8 Principle of the experimental set-up used to demonstrate real-time wavefront
rectification.

Fig. 9 Demonstration of DFWM wavefront rectification at 640 nm in a neon discharge:
(left) conjugate image, (center) distorted image, (right) reconstructed image [D. Bloch,
R.X. Raj and M. Ducloy, unpublished work].
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in our laboratory at A = 640 nm, with a single-mode c.w. dye laser as the light
source and a low-pressure neon discharge as the nonlinear medium. In this figure,
the image of a razor grid is shown: (a) directly on the conjugate beam (without
disturbing medium); (b) distorted after one transit in the aberrating medium;

(c) rectified after two transits (back and forth) in the medium. The physical pro-
cess responsible for DFWM at 640 nm is resonant saturated absorption of metastable
neon atoms (1 ss 2 pg) and will be elaborated on in the next section.

A second example of optical image processing is shown in Fig. 10. In this expe-
riment performed by Huignard and collaborators [ 19] , the light source isa c.w.
Ar” ion laser (A = 514 nm) and the active medium is a Bi;, Si Oy (BSO) crystal.
Figure 10 shows the distorted image, the reconstruction process, and also the
drastic effect of a small misalignment (1.5 mrd) of the two pump waves. In the case
of B8O, the physical mechanism responsible for PC emission is the photorefractive
effect in electro-optic crystals. The light irradiation excites photocarriers (electrons
in the case of BSO) from traps in the energy gap to the conduction band. These
free photo-carriers, after migrating in the crystal either by diffusion or by drift in
an external d.c. field, are retrapped in acceptor centers. Thus a space charge
density, proportional to the irradiation energy (below saturation), builds up, locally
producing an electric field. Via the linear electro-optic effect, this space charge field
causes a refractive-index change: the light irradiation fringe pattern produces an
index grating in the crystal interaction volume [20]. The recording time (and
erasing time) of this grating is inversely proportional to the incident power, because
the efficiency of the writing process increases linearly with the irradiation energy.
The time constant is ~1 — 2 ms for a power density of 1 mW/mm?, and saturation
occurs at about 1 mJ/cm?.

Fig. 10 Wavefront rectification at 514 nm in a BSO crystal: (a) direct imaging through
aberrating glass plate, (b) reconstruction process, (c) effect of 2 pump misalignment by
1.5 mrad (from Huignard ez al. [19]).
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} H Optical set-up for dynamic holo-
CORILGATE graphy and real-time visualization
WAVE FROY of diffuse vibrating structures
| (here a loudspeaker membrane —
< from Marrakchi et al [21]).

Fig. 12 Time-averaged interferogram of a diffuse vibrating object: mode pattern visuali-
zation of a loudspeaker membrane excited at different frequencies a) at rest, b) 4 kHz,
c) 8 kHz (from Marrakchi ez al. [21]).

Another application of DFWM conjugation is the real-time recording and reading
of holograms of three-dimensional (3-D) diffuse objects. For example, BSO erystals
have been used to visualize the mode pattern of diffuse vibrating structures [21]. In
this experiment (Fig. 11), the object wave is obtained by reflexion of a diffusing
beam on the test object — here a loudspeaker membrane —. At rest, the conjugate
image reproduces the 3-D hologram of this membrane (Fig. 12). When this mem-
brane is excited at some driving frequency F, the conjugate image discloses dark
fringes which visualize the vibration modes of the membrane. Indeed, the moving
parts of the membrane introduce a time-dependence in the phase of the object
beam. When these time variations are fast compared with the response time of the
BSO index grating, this grating cannot build up sufficiently to diffract the reference
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beam {21]. This technique can be used for the non-destructive testing of mechani-
cal structures. Other optical functions can be perfomed like double-exposure inter-
ferometry [22], edge enhancement of an optical image [ 23] (filtering of low spa-
tial frequencies by using a saturating object beam), spatial convolution and corre-
lation [24], etc.

7 Spectroscopic applications of degenerate four-wave mixing

7.1 Grating spectroscopy

Let us assume that, in Fig. 4, probe (0) and pump (1) are two short, time-coincident
optical pulses, and that pump (2) is time-delayed. The intensity of the conjugate
pulse versus time delay allows one to observe the evolution of the transient holo-
graphic grating, and provides a powerful tool to explore relaxation and diffusion
processes. This technique is closely related to a large research field known as grating
spectroscopy, in which transient diffraction gratings are created and subsequently
probed with optical pulses (see e.g. the general reviews by Eichler {25], and
Vinetskii e al. [ 20]).

The grating decay is mainly affected by two processes. (i) the “Natural” or “intrin-
sic” decay (radiative decay, recombination time, collisional relaxation) which does
not depend on the grating features (decay time, 7). (ii) the grating “washing-out”
induced by the motion of the excited centers through the grating fringes (diffu-
sion, thermal motion in gases). It depends on the grating period, A, and thus, on the
angle 8 [Eq. 12]. The characteristic decay time is the time needed for an active
center to travel across one grating period. For instance, a diffusion-induced grating
decay (generally predominant in solids, liquids or high-pressure gases) is exponential
with a time constant.

Tp = A?/(4n?*D) = (K*D)! (13)
where D is the ambipolar diffusion constant. On the opposite, for low-pressure
gases, the thermal motion produces a non-exponential decay of the form:

-(Kut/2)?

e (14)
(for a Maxwellian velocity distribution, with mean thermal velocity, u}. The charac-
teristic time is now

™ = 1/(Ku) (15)

In both cases, one sees that natural decay and motional decay can be discriminated
by varying A, i.e- . In this way, transient DFWM has been used to analyze free car-
riers diffusion in Si [2], exciton diffusion in GaAs [26], thermal diffusivity in
liquids and glasses [27], fluorescence lifetime in ruby [ 28], etc.

In multilevel resonant transition, a sublevel structure in one of the energy levels can
induce quantum interference beats in the time-evolution of the transient population
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gratings. These beats produce an intensity modulation of the conjugate pulse as a
function of the delay time. Such Zeeman quantum beats on the sodium D, line
have been observed by Yamada er al [29].

In the steady-state regime, the grating motional decay affects the DFWM efficiency,
and may be responsible for a sharp angular dependence in the conjugate wave ampli-
tude. For instance, in presence of diffusion, this amplitude is proportional to

oL At _ (1 oy tafl, 2 z>"
(T+TD> —<T+KD> _<T+kD0 (16)

(for 8 < 1). In gases, a rapid angular dependence of the DFWM efficiency exists also,
but the phenomenon is further complicated by the Doppler effect which affects the
emission lineshape [ 30],[31], as seen in the next section. This §-dependence,
which has been observed in Si by Jain e al. [32], and Na vapor by Humphrey

et al. [33], introduces severe limitations on the angular divergence of distorted
beams to be rectified [34].

7.2 Doppler-free conjugate emission in resonant gas media

In gas media, when the frequency of the incident beams is close to an atomic reso-
nance frequency, wg, the PC emission lineshape is mainly governed by the Doppler
effect. In the case of the two-level system of Fig. 5, one has to write the resonance
conditions, in the atomic rest frame, for one photon absorption,

w=-K-V=wp (17)
and for three-photon transitions to the excited state (see Fig. 5):
(WK V)= (WK V) +(w+K-V)=w +Ko - ¥ = wp (18)

(v is the atomic velocity). As seen above, the PC emission is maximum for § < 1. ln
this case, pumps and probe are nearly collinear, and define a common axis (k ko)
along which there isa velocny selection by the three incident beams: Egs. {17} and
(18) are both satisfied for K-v=0and w= wo ; L e. for w=wy, atoms with zero
axial velocity are simultaneously resonant for the three beams, and the emission
intensity is maximum. This velocity selection implies the Doppler-free character of
the PC emission. Indeed, a density-matrix calculation { 30] shows that the velocity-
averaged third-order susceptibility is proportional to

) S S
XV~ oo g (19)
with y the transition homogeneous linewidth. When propagation effects are negli-
gible (“‘optically thin sample”) the emission intensity is proportional to lx(3) {2
[see Eqq (9) — (10)]. Doppler-free lineshapes have been first observed in Na by Liao
et al. [35], and subsequently in a number of gas media, including SF¢ [36],
excited Ne [37],[38] and Hg [39]. Fig. 13 shows PC emission lineshape observed
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in a Ne discharge at A = 640 nm (resonant transition between the metastable level
Iss and the radiative level 2pg). At low pump power levels (0.1 mW/mm?), the
emission lineshape is a Doppler-free Lorentzian, as predicted by Eq. (19).

Note that this Doppler-free character is also valid for nearly-degenerate four-wave
mixing (NDFWM: pump and probe frequencies slightly detuned) and demonstrates
that PC mirrors based on resonant FWM can be used as ultra-narrow reflexion
filters [ 30] [40] [41]. The filter bandwidth is mainly limited by the atomic relaxa-
tion rates (y) but the acceptance angle is limited to very small values of § (@ < v/ku
[30]). When 8 increases, the reflectivity decreases like (sin 6)~* (see previous
section and Ref. [34]) and the filter bandwidth undergoes a Doppler broadening,
increasing like ku sin 6 [30].

With increasing pump powers, the emission lineshape broadens and subsequently
splits in two components (Fig. 13, b, c). This double-peak structure, which must be
ascribed to the higher-order contributions to the susceptibility (X(S); x(7) etc....), is
a typical effect of the inhomogeneous broadening coming from the velocity distri-
bution: for stationary atoms, non-perturbative calculations predict a single peak,
independently of the pump intensity {42]. This saturation behavior has been
further explored by means of a powerful technique relying on a heterodyne detec-
tion of nearly degenerate FWM [43] (Fig. 14). For a probe wave detuned by §

Fig. 14 Basic scheme for heterodyne
detection of four-wave mixing (from Bloch

etal [37]).
200MHz
—y
b Fig. 13
s Conjugate emission lineshape at 640 nm, in a Neon
discharge (transition lss — 2pg). Probe intensity
= 10 -2 mW/mm?; pump intensity: (2) 0.1 mW/mm?2
0 e (b) 0.2 mW/mm?2 (c) 2.5 mW/mm?2 (from Bloch

et al. [37]).
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from the pump frequency, the conjugate wave is reemitted at frequency
2w=(w+8)=w—45. The conjugate field may thus be detected through its hetero-
dyne beat (at frequency 28) with the return probe wave acting as a local oscillator
(Fig. 14). This beat is monitored by a phase-sensitive (lock-in} detector which directly
provides signals proportional to the conjugate field amplitude (either in phase or in
quadrature), and thus to the nonlinear susceptibility xnp (Fig. 15). At low pump
intensities, xNi follows Eq. (19) and thus obeys to Kramers-Kronig relations. As
shown by Fig. 15a, real and imaginary parts have the same amplitude. At higher
intensities (Fig. 15b), these relations break down and the dispersion component
(Re xn1) takes over the absorption component, Im xyp . It implies that the emis-
sion lineshape of Fig. 13¢ should be ascribed to the dispersive character of
saturated susceptibilities in resonant four-wave mixing (|xnL|? behaves approxi-
mately like the square of a dispersion curve) [44] .

7.3 High-Frequency Heterodyne Spectroscopy

High-frequency heterodyne Doppler-free spectroscopy [45] covers the particular
field in which collinear, nearly-degenerate four-wave mixing is used to perform high-
resolution spectroscopy. The basic geometry is shown in Fig. 16. A two-frequency
(w * §/2) saturating beam and a counterpropagating (w) beam interact within the
sample cell. Through resonant four-wave mixing processes, two conjugate fields at
frequencies «; + 8§ and w — § are re-radiated in the direction of the « beam [45],
and interfere with this beam to yield a heterodyne beat at frequency &. A straight-
forward generalisation of Eqs. (8)—(10) shows that the beat amplitude is proportio-
nal to

ix® (0 +8)— ix® (w - 8) (20)

Thus, as in the previous section, by using phase-sensitive detection, one can observe
either non-linear dispersion contributions,

Re [xP (0 +8)-x® (w-8)] (21)
or non-linear absorption,
Im [x® (@ +8) + X (w-8)] (22)

In general, the optical dipole polarizations at frequencies w + 8§ and w—§ are not
simultaneously resonant, and the beat signal lineshape exhibits Doppler-free fre-
quency doublets, in absorption or in dispersion, according to the detection phase.

For a resonant two-level system (Fig. 5), velocity-selection conditions for one-pho-
ton and three-photon processes [ similar to Eqs. (17)—(18)] allow one to show that
the doublet peaks are centtered at [45, 46]

W=wy £38/4 (23)

Such aosorption and dispersion doublets are shown on Fig. 17, for an I, sample
irradiated by an Ar* laser (A = 514 nm) [46—48].

48



Fig. 15 Heterodyne detection of PC emission at
640 nm in a Ne discharge (phase and quadrature).
Frequency detection, 25 = 44 MHz. Pump inten-
sity: () 0.1 mW/mm?2 (b) 1 mW/mm?2. The probe
intensity is one tenth of the pump intensity (from
Bloch et al. [37]).

200 MMz
—

(b)

%/—- Fig. 16 Basic scheme for high-

(n) frequency Doppler-free hetero-

dyne spectroscopy (collinear,
nearly-degenerate  four-wave
mixing) (from Ducloy et al. [45]).

I

\/\/ Fig. 17

Resonance lineshape in Iy hetero-

N dyne spectroscopy at A = 514 nm.

| 1MHz Frequency detection, 6§ =1 MHz.

[ _ Depending on the detection
phase, the heterodyne beat signal

yields either nonlinear absorption
N o - / or dispersion doublets (from Raj
® =90 et al. [46)).
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For a frequency splitting, 36/2, smaller than the natural linewidth, the doublet
is not resolved, and the dispersion contribution cancels [ cf. Eq. (21)]. The non-
linear absorption stays alone, reducing to ordinary “saturated absorption” spectros-
copy [49], which thus can be viewed as “heterodyne” detection (at zero fre-
quency, § = o) of collinear degenerate four-wave mixing.

Another point of view consists in noting that the two-frequency saturating beam

is amplitude-modulated at frequency &, and thus induces in the populations of the
resonant levels a time-modulation, or “pulsation grating”. In turn, this population
“pulsation grating” modulates the transmission of the counter-propagating wave,
thus generating side-bands at frequencies w * §. This interpretation underlines the
close analogy with the population gratings of non-collinear DFWM (section 5). It
also points out the physical origin of the phase delay appearing between the inci-
dent amplitude-modulation of the saturating beam, and the induced heterodyne
beat, which directly originates in the response time of the atomic populations [45],
46, 50] . This allows us to carry out in the time — (or frequency-) domain, what
real-time holography does in the spatial counterpart. In particular, high-frequency
optically heterodyned spectroscopy (HFOHS) is a powerful tool for exploring the
relaxation dynamics in inhomogeneously — broadened media. Let us quote a few
striking applications:

(i) The phase delay of the heterodyne beat signal is induced by the relaxation of the
energy levels, and yields a direct measure of their relaxation time (particularly for
cross-over resonarnces in three-level systems [45]). This has been performed in I,
[46—48] and H [47-50].

(ii) The resonance phase shift also allows one to perform line assignment, particu-
larly when the energy levels have very different lifetimes (for instance, electronic
ground state versus excited state in I, [48]).

(iii) Cross-relaxation in inhomogeneously-broadened media (like velocity-changing
processes in gases) can be analyzed in a detailed way by HFOHS. The Doppler-free
character allows one, via an adequate choice of the optical frequency, to explore

a fixed region of the inhomogeneous line (e.g., a given velocity in gases). Then, the
detection frequency (8) and phase delay give access to a particular frequency-
domain of the relaxation processes (or evolution processes, more generally). In a
way, this method yields the “transfer function” of the nonlinear medium, for every
incident optical frequency. It has been used to observe velocity-changing collisions
in I, [46], in metastable Ne by a closely related technique [S1], as well as radiative
trapping of the Ne resonance line [ 52].

Worthnoticing is the shot-noise limited sensitivity which can be reached in HFOHS
[50, 53, 54] : the ultimate S/N limit can be reached for detection frequencies &
high enough to make the amplitude noise of the laser source down below the funda-
mental quantization noise of the signal. This has obvious implications in spectro-
scopy and metrology [53—55]. HFOHS has also been applied to two-photon
spectroscopy [52, 56] . (See next section).
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8 Two-photon resonant phase conjugation

An important class of DFWM phase-conjugators originates in resonant or near-
resonant two-photon absorption [ 57—59] . This class has no holographic interpreta-
tion (contrary to one-photon resonant DFWM, no volume gratings are induced in
the active medium), but relies on the generation of a two-photon coherence. The
basic scheme is still that of Fig. 4, but one assumes that the incident frequency is
resonant for a two-photon transition (2w = wo, see Fig. 18). The fact that two
pump photons should be absorbed, implies a new interaction ordering. In this
ordering the first two field-interactions occur with the standing pump wave, to
generate a two-photon coherence which oscillates at frequency 2w, and is statio-
nary (no spatial dependence). This two-photon coherence is isotropic, in phase over
all the interaction volume, and velocity-independent in gases [30] . The irradiation
of this cohererlfe by the object wave Tq)o forces the nonlinear medium to re-radiate
in direction — kg.

(i) The isotropy property implies that the PC reflectivity does not depend on the
angle of incidence of the object beam, §.

(ii) In gases, the velocity-independence of the two-photon coherence is responsible
for the Doppler-free character of the emission lineshape, independently of 6. These
two properties should be opposed to the characteristic angular dependence of PC
reflectivity and lineshape in one-photon resonant DFWM (Sections 7.1 and 7.2).
This is important for wavefront rectification, but is achieved at the expenses of the
DFWM reflectivity: most of the experimental observations of two-photon phase
conjugation have been carried out with intense optical pulses, for instance in Na
[60] and SF¢ [61], hindering any direct evidence of the Doppler-free character of
the emission lineshape. In the above works, coherent transients by means of time-
delayed optical pulses have been used to measure two-photon relaxation rate
(“two-photon free-induction decay™) [ 60—61].

A direct evidence of the Doppler-free emission lineshape has been obtained by using
collinear, nearly-degenerate FWM with c.w. irradiation, and heterodyne detection
techniques (HFOHS, Section 7.3). The principle is the same as in Fig. 16. The
emission peaks at frequencies w * § are now imposed by two-photon absorption
conditions:

w+(wi5/2)=w0

0 v —

[ =— X \ ~
ie. w=— 8/4 (24) . ..‘\_.
K/ \k,
W / '
4 .

™ .'ll h) I‘- o

Fig. 18 K/ YK = -k,

Physical processes in two-photon resonant DFWM A ‘ Y

(from Ducloy et al. [30]).
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Fig. 20 Polarization properties of a
DFWM mirror with circularly polarized
pumps: a linearly polarized input field

®=90° ,V
! |
‘_”1\ l. f is reflected with a circular polarization.

Fig. 19 Resonance lineshape in two-
photon heterodyne spectroscopy of Rb
at A =760 nm; transition 5S -~ 78S;
detection frequency, § = 36 MHz (from
Bloch et al. [56]).

The emission lineshape exhibits a Doppler-free doublet with splitting §/2 [45] .
Two-photon heterodyne spectroscopy has been demonstrated in excited Neon [52]
and in Rubidium [ 56]. For instance, the §/2 doublet has been observed on the

58 = 78S two photon transition of Rb, at A = 760 nm (Fig. 19). Two-photon hetero-
dyne spectroscopy could have metrological implications, in particular for the detec-
tion of very narrow transitions between ground and metastable states.

9 Polarization properties of phase-conjugate mirrors

As pointed out in Section 4, the polarization vector, E;, of the beam reflected from
a DFWI\_/Lconjugator is in general not the complex conjugate of the incident polari-
zation, e . The polarization of the PC field should be deduced from the general
laws of conservation of the angular momentum. In many cases where the active
medium is isotropic (gas, liquids, etc. ...), the global angular momentum of the
electromagnetic field alone must be conserved in the DFWM process, and imposes
stringent polarization selection rules [ 12, 62] . This is particularly obvious when the
polarizations of the incident beams are chosen among the principal polarizations
(w, 0%, 07) in a fixed quantization frame.

As an example, let us consider the case when the two pump waves are ¢” circularly-
polarized (Fig. 20) [12]. In the DFWM process, two pump photons — each one
carrying one angular momentum unit, b, along the quantization axis, K — are ab-
sorbed. These two units can be restituted to the e.m. field only if both probe and
conjugate waves are ¢* polarized: a ¢~ polarized input field is not reflected, but a
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linearly polarized field (with polarization ¢ = } is reflected with a circular

o polarization. These selection rules have been verified in Neon [63] .

For arbitrary incident polarizations, the polarization of the conjugate beam
depends on a number of factors like: nonlinear physical process (one-photon/two-
photon resonance), incidence angle, angular momenta of the resonant energy levels,
relaxation processes. However, often simple ways exist to characterize the polarization
properties of PC mirrors by means of linear or circular dichroism, birefringence,

etc. ... [38). A simple and illustrative example is the one in which the two pumps
have the same linear polarization (), taken as the quantization axis: e= el =2,

(Fig. 21 a). Since a 7 polarized field carries zero angular momentum along the e axis,
the conservation of angular momentum obliges a = polarized probe to be reflected
with the same polarization. Also a o polarized probe (i. e. having a linear polariza-
tion perpendicular to e—), thus carrying + h and — h units) cannot produce a 7
polarized conjugate field, and therefore is necessarily reflected with the same o
polarization. In this way, we have defined the normal axes of the PC mirror (polari-
zations unchanged by reflexion). As a rule, the reflexion coefficient is different for
these two polarizations (“linear dichroism™), which implies that an incident wave of
arbitrary polarization eq xs in general, reflected with a different polanzatlon er
(Fig. 21b). By projecting eo along the normal axes, one gets that er satisfies to:

tge, = C tgag (25)

where g; is the angle (e_;, ?), and C is the ratio of the (amplitude) reflectivities for
the two principal polarizations [38] . Fig. 22 shows the verification of such a rela-
tionship on various Neon transitions: one finds C > Ofor the 1s4 (J=1)~2p3 (J=0)
transition (A = 607 nm) and C =~ 0.23 for the 1s5 (J =2) — 2ps (J =2) transition

(A =614 nm).

(a)

axe de quantification
o
s
]
my

P A

(b)
Fig. 21
Polarization properties of a PC mirror
with linearly polarized pumps (a) Ge-
neral scheme (b) Geometry of the polari-
zations of the incident and reflected waves.
——
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Fig. 22 Polarization rotation of the reflected signal for parallel pump polarizations (X)
A =607 nm, neon transition 1s4 — 2p3; (0) A = 614 nm, Iss — 2pe. The solid curve follows
tgay = 0.23 tgag (from Ducloy et al. [38]).

To evaluate C, one has to go into the details of both the nonlinear processes and the
grating relaxation. An important difference between « and o probe polarizations is
that, in the first case, the grating created in the interaction volume is a population
grating (since all the beams have the same polarization), while in the second case,
owing to the orthogonal polarizations, the grating is a pure coherence grating, i.e.
the atomic system is excited in a linear superposition of Zeeman sublevels exhibit-
ing a spatial modulation [38] [63—-65]. What simplifies considerably the analysis
of these phenomena is that the grating motional decay [ Section 7.1, Egs. (13-15)]
generally overcomes radiative or collisional decays, thus imposing a single relaxation
time, 7\, to all the physical observables (populations, coherences...). One shows
that in this case, C depends only on the J values and describes adequately the
experimental results [ 38] [66]. Coherence gratings have also been observed on the
Na D-lines [ 64, 65] . In a similar manner, diffusion-induced motional decay in solids
has been analyzed by DFWM polarization studies [67] .

Einally, let us note a way of getting complete phase-conjugation, i.e. producing
er= Eﬁ‘. This is possible in a number of cases in which both pumps are circularly
polarized but mutually orthogonal (¢*, ¢7). In that case, the net angular momen-
tum of two absorbed pump photons is zero, which implies that a o™ polarized
probe is reflected with ¢~ polarization, and vice-versa. Also a 7 polarized beam is
reflected with the same polarization. Such a full spatial-phase reversal has been
obtained in CS, by Martin er al [68] . To get this full phase conjugation for an
arbitrary input polarization needs that the DFWM reflectivity is independent of
the polarization vector {(m, 6*, ™). This is in particular obtained in resonant gas
media, when the motional decay time, T, governs the grating relaxation [63].
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Fig. 23 Principle of a phase-conjugate resonator (M: ordinary mirror; PCM: phaseconjugate
mirror).

10 Phase-conjugate resonators

Phase conjugate resonators (PCR) are optical resonators in which one (or several)
of the cavity mirrors are replaced by phase-conjugate mirrors. Fig. 23 shows the
simplest example of this kind of resonator, a Fabry-Perot cavity with a PC mirror
(PCM) at one end, an ordinary mirror (M) at the other end, and possibly an intraca-
vity gain medium. Such PCR have been studied both theoretically [69—72] and
experimentally [70, 73] . Their properties depend partly on the operation of the
PCM. Let us suppose first that there is no frequency shift produced in the reflexion
over the PCM (for instance, with a DFWM conjugator operating at the pump
frequency). In that case,

(i) the PCR is unconditionally stable. Due to the replication of the incident wave-
front by the PCM, the resonator is aligned independently of the curvature radius
of the ordinary mirror (M), and of any disturbing elements introduced inside the
cavity. However the mode transverse structure will depend on the PCM size and
intracavity elements [71]. Such resonators should be able to optimize the energy
extraction from an intracavity amplifying medium.

(ii) As regard longitudinal modes, there is no frequency condition involving the
cavity length, L. Indeed, the phase shift kL.accumulated in one propagation direc-
tion is reversed by the PCM, and thus canceled during the return way. The cavity
tuning is obtained independently of the length, in contrast to ordinary resonators.

However, this is no longer true when the operating frequency is detuned (by 8)
from the PCM center frequency. In that case, an w +8 wave incident on the PCM is
reflected with frequency w—§, and vice-versa (Section 7.2). Therefore, stable PCR
operation is possible only for a two-frequency field:

E=e, eil(w8)t—K T ] (26)
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By writing that the e.m. field is globally unchanged after one cavity round trip,
one gets relations of the form:

I 2-:'
e, =€*e
, 82
€_=¢je 27)

producing the condition

is . c
e =1, ie 6—n21r4—f (28)
Such a frequency condition invoking four cavity lengths is easily interpreted by
realizing that, due to the frequency-flipping nature of the PCM, it needs two cavity
round trips for one field component to get back its original frequency and phase.
Such frequency sidebands governed by Eq. (28) have been predicted by Belanger
et al [72], and beautifully observed by Lind and Steel [ 73] in the c.w. operation
of a PCR, using a DFWM conjugator at the Na D, line as the PC mirror, and an Ar”*
laser-pumped dye as the gain medium. However, note that this sideband generation
is limited to the first harmonics, by the narrow-band frequency-filtering character
of DFWM mirrors [ Sections 4 and 7.2] [14].

The possibility of PCR oscillation without intracavity gain medium has been noted
by Yariv and Pepper [ 13]. This is connected to the fact that in DFWM mirrors

(i) simultaneously to the emission of a conjugate wave, the input field is amplified
(ii) the PCM reflectivity may exceed unity (mirror gain, cf. Section 4). For very
large gains, the PCM acts both like a mirror and a gain medium, and may induce a
spontaneous oscillation linked to the ordinary mirror. This has been observed in
several experiments using intense optical pulses, and in a Ba TiO; crystal with a
low-power c.w. argon laser by Feinberg and Hellwarth [ 74] . In that case, the c.w.
mirror gain can be larger than 100! Ba TiO3 has also been used to observe different
types of spontaneous oscillation (like unidirectional ring oscillator, etc...) [75],
using two-wave mixing processes [ 20] .

11 Conclusion

In this article, we have reviewed the basic physics, and some of the applications of
nonlinear optical phase conjugation. The applications considered here span real-
time adaptive optics and imaging (image and information transmission in aberrating
media, wavefront rectification, irmage amplification, automatic pointing and
focusing on targets, real-time holography, ...), optical spectroscopy (transient and
c.w. grating spectroscopy, multiphoton transitions, high-sensitivity Doppler-free
spectroscopy ...), new classes of “mirrors” (frequency-and polarization-selective)
and of resonators (“open” resonators with spontaneous oscillation, PC resonators).
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This review has left aside a number of important topics like collision-induced
DFWM, forward DFWM, DFWM by photon echoes, phase-conjugation in optical
fibers and waveguides, conjugate interferometry, photon statistics of the PC field,
etc... (See e.g. [5] [76]). A still open field covers the new physical phenomena
appearing in the interaction of active media with very intense pump waves: strong
saturation regime of the nonlinear response (high-order susceptibilities, nonlinear
absorption and dispersion [37]), nonlinear propagation effects (laser-induced insta-
bilities and critical behavior [ 77], optical bistability and hysteresis in phase-conju-
gation [78—79]), nonlinear transient response under strong standing waves. .. Also
it has not yet been taken full advantage of the peculiar polarization properties of
PC mirrors in PC resonators.
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