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Abstract
Over the last three decades, optical phase conjugation (OPC) has been one of the major
research subjects in the ﬁeld of nonlinear optics and quantum electronics. OPC deﬁnes usually
a special relationship between two coherent optical beams propagating in opposite directions
with reversed wave front and identical transverse amplitude distributions. The unique feature
of a pair of phase-conjugate beams is that the aberration inﬂuence imposed on the forward
beam passed through an inhomogeneous or disturbing medium can be automatically removed
for the backward beam passed through the same disturbing medium.
To date there have been three major technical approaches that can efﬁciently produce the
backward phase-conjugate beam. The ﬁrst approach is based on the degenerate (or partially
degenerate) four-wave mixing processes, the second is based on various backward simulated
(Brillouin, Raman, Rayleigh-wing or Kerr) scattering processes, and the third is based on onephoton or multi-photon pumped backward stimulated emission (lasing) processes. Among
these three different approaches, there is a common physical mechanism that plays the same
essential role in generating a backward phase-conjugate beam, which is the formation of the
induced holographic grating and the subsequent wave-front restoration via a backward
reading beam. In most experimental studies, certain types of resonance enhancements of
induced refractive-index changes are desirable for obtaining higher grating-diffraction
efﬁciency.
The momentum of OPC studies has recently become even stronger because there are more
prospective potentials and achievements for applications. OPC-associated techniques can be
successfully utilized in many different application areas: such as high-brightness laser
oscillator/ampliﬁer systems, cavity-less lasing devices, laser target-aiming systems, aberration
correction for coherent-light transmission and reﬂection through disturbing media, long
distance optical ﬁber communications with ultra-high bit-rate, optical phase locking and
coupling systems, and novel optical data storage and processing systems. Published by Elsevier
Science Ltd.
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1. Introduction to optical phase conjugation (OPC)
Optical phase conjugation (OPC)1 is a new laser-based technique developed since
1970s. As this technique is feasible for use in many signiﬁcant applications, the study
of OPC has become one of the most active research subjects in the areas of nonlinear
optics and quantum electronics [1–8].
Before the 1960s and the advent of lasers, it was well known that there were two
impossibilities within the regime of conventional optics. The ﬁrst was that the
brightness of any given light beam cannot be increased via any type of optical
imaging systems or specially designed devices. The second was that a perfect and
reversible optical imaging system was impossible because of the aberration inﬂuence
from optical elements and propagating media. The ﬁrst impossibility was removed
after the advent of laser oscillators and ampliﬁers. The second restraint could also be
released by utilizing the OPC technique.
In general, a pair of optical waves are phase conjugated to each other if their
complex amplitude functions are conjugated with respect to their phase factors.
Optical phase-conjugate waves can be generated through various nonlinear optical
processes (such as four-wave mixing, three-wave mixing, backward stimulated
scattering, and others). They can also be generated through one-photon or multiphoton pumped backward stimulated emission processes in a lasing medium. In
1

Some parts of this review, including the descriptions of OPC principles and a number of selected
experimental results, were previously covered in Chapter 9 of the author’s recent book [5]. The present
review, however, has a broader scope, containing more techniques, the latest progress, as well as additional
applications.
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many cases, however, one can say that the principles of the major methods for
generating optical phase-conjugate waves are based on the intense light-induced
holographic gratings and subsequent wavefront reconstruction.
In the area of OPC-related studies, a huge number (more than thousands) of
research papers and conference presentations have been published since 1970s. Most
of them were based on the degenerate four-wave mixing method in various types of
nonlinear media with minor technical modiﬁcations. It is impossible and not
necessary to mention all (even majority) of them in this review paper. Instead, only a
very limited number of publications have been cited here, as they are (i) the original
papers with the signiﬁcance of novelty or innovation, (ii) the earlier studies
establishing the basic understanding of related effects or phenomena, and (iii) some
selected examples from a large number of quite similar studies.

2. Deﬁnitions and features of phase conjugate waves (PCWs)
2.1. Backward degenerate PCW
The term optical phase conjugation (OPC) is usually used to describe the wavefront
reversion property of a backward propagating optical wave with respect to a forward
propagating wave. Suppose there is an input quasi-plane-monochromatic wave with
arbitrary phase distortion deviated from an ideal plane-monochromatic wave, i.e.,
Eðz; x; y; oÞ ¼ Eðz; x; yÞeiot ¼ A0 ðz; x; yÞei½kzþjðz;x;yÞ eiot :

ð1Þ

Here, z is the longitudinal variable along the propagation direction, x and y are the
radial variables along the beam section, o is the circular frequency of the optical
ﬁeld, k ¼ n0 =ð2plÞ is the magnitude of the corresponding wave vector, n0 is linear
refractive-index of the propagating medium, Eðz; x; yÞ is the complex amplitude
function, A0 ðz; x; yÞ is the real amplitude function, and, ﬁnally, jðz; x; yÞ is the phasedistortion function describing the deviation of the real wavefront from an ideal plane
wave. If there is a backward propagating wave, which can be expressed as
E0 ðz; x; y; oÞ ¼ a En ðz; x; yÞeiot ¼ a A0 ðz; x; yÞei½kzþjðz;x;yÞ eiot ;

ð2Þ

where a is any real constant, then the ﬁeld E0 ðz; x; y; oÞ is deﬁned as backward
frequency-degenerate phase conjugate wave of the original forward ﬁeld Eðz; x; y; oÞ.
There are two simple examples for phase conjugate waves. First, if the incident
wave is an ideal plane wave with jðz; x; yÞ 0; after normal reﬂection from an ideal
plane mirror, the reﬂected wave will be phase conjugate with the incident wave, as
shown in Fig. 1(a). Second, if the incident wave is an ideal spherical wave, after
normal reﬂection from an perfect spherical mirror, the curvature of which is the
same as that of the incident wave front, the reﬂected wave will also be phase
conjugate with respect to the incident wave, as shown in Fig. 1(b). However, in both
cases, if the wavefront of the incident wave or the surface of the mirror is not perfect,
the reﬂected wave can no longer be an ideal phase conjugate wave of the incident
wave.
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Fig. 1. Three examples of optical phase conjugate waves corresponding to: (a) an ideal plane wave, (b) an
ideal spherical wave, and (c) an arbitrarily disturbed wave.

In a more general case, the incident wave may exhibit an arbitrary irregular
wavefront; even so, we can still generate its backward phase-conjugate wave from a
nonlinear medium by virtue of various nonlinear optical processes. In this case, the
nonlinear medium plays the role of a phase-conjugate reﬂector that creates a
backward wave having a reversal wavefront distribution with respect to the
propagation direction, as shown schematically in Fig. 1(c).
Fig. 2 schematically depicts the behavior of two different reﬂected waves
backward passing through an inhomogeneous or randomly disturbing medium.
One is reﬂected from an ordinary mirror and the other from a phase conjugate
reﬂector. As shown in Fig. 2(a), an initial plane wave becomes an aberrated wave
after passing through the disturbing medium. If we place a plane mirror
perpendicularly to the propagation direction of this wave, after reﬂected from this
mirror and passing back through the same disturbing medium, the aberration
inﬂuence of the medium on the wavefront of the output wave will accumulate. In
contrast, as shown in Fig. 2(b), if we replace the plane mirror with a phase-conjugate
reﬂector that creates a phase conjugate wave of the incident beam, then after passing
back through the same disturbing medium, the aberration inﬂuence will be removed
from the ﬁnal output wave. This is the most important and unusual property of the
phase conjugate wave compared to an ordinary reﬂected wave.
To describe these two different processes shown in Fig. 2, we assume that the
initial input wave is an ideal plane wave expressed by
Eðz; x; y; oÞ ¼ A0 ðz; x; yÞeikz eiot ;

ð3Þ
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Fig. 2. (a) An ordinary reﬂected wave backward passes through a disturbed medium, the aberration
inﬂuence is accumulated; (b) a phase conjugate wave backward passes through the disturbed medium, the
aberration inﬂuence is removed.

and after passing through a disturbing medium it becomes
E0 ðz; x; y; oÞ ¼ A0 ðz; x; yÞei½kzþjðz;x;yÞ eiot :

ð4Þ

Here jðz; x; yÞ is a phase function describing the aberration inﬂuence on the
wavefront from the disturbing medium. If there is an ordinary plane mirror as shown
in Fig. 2(a), the reﬂected wave will be
E00 ðz; x; y; oÞ ¼ R% A0 ðz; x; yÞei½kzþjðz;x;yÞ eiot ;

ð5Þ

where R% is the amplitude reﬂectivity of the mirror. Then after passing back through
the same medium the output wave can be written as
E000 ðz; x; y; oÞ ¼ R% A0 ðz; x; yÞei½kzþ2jðz;x;yÞ eiot :

ð6Þ

In this case the aberration inﬂuence for two passes will be doubled.
On the other hand, if there is a phase conjugate reﬂector, as shown in Fig. 2(b), the
reﬂected wave can be expressed as
E00 ðz; x; y; oÞ ¼ R% 0 A0 ðz; x; yÞei½kzjðz;x;yÞ eiot ;

ð7Þ

where R% 0 is the effective amplitude reﬂectivity of the phase conjugate reﬂector. In this
case, after passing back through the same disturbing medium the output wave will be
E000 ¼ R% 0 A0 ðz; x; yÞei½kzjðz;x;yÞ eijðz;x;yÞ eiot ¼ R% 0 A0 ðz; x; yÞeikz eiot :

ð8Þ

Here, we see an ideal output plane wave, and the aberration inﬂuence from the
disturbing medium can be entirely removed.
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2.2. Backward nondegenerate PCW
So far we assume that the frequency of the reﬂected wave is the same as that of the
incident wave. This belongs to the category of frequency-degenerate optical phase
conjugation. Later we will show that a frequency-degenerate PCW can be efﬁciently
produced by using the backward degenerate four-wave mixing method. However, in
a more general case, if there is a backward propagating optical ﬁeld with a frequency
o0 different from the frequency o of the incident wave, which can be written as
0

0

0

E0 ðz; x; y; o0 Þ ¼ a E ðz; x; yÞeio t ¼ a A0 ðz; x; yÞei½k zþjðz;x;yÞ eio t ;

ð9Þ

then E0 ðz; x; y; o0 Þ is the backward frequency-nondegenerate phase-conjugate wave
of an original ﬁeld Eðz; x; y; oÞ expressed by Eq. (1). In practice, a frequencynondegenerate backward PCW can be generated by utilizing the following methods:
backward nondegenerate four-wave mixing, backward stimulated scattering with
certain frequency shift, and backward stimulated emission in a lasing medium. In all
these cases, there is a frequency shift between the incident wave and the backward
phase-conjugate wave. It can be both experimentally and theoretically proven that
the amplitude/phase information carried by the input forward wave of frequency o
can also be restored by the backward PCW with frequency o0 : In this case, however,
the quality or ﬁdelity of restored information may undergo certain inﬂuence of
chromatic aberration when the frequency or wavelength shift is large.
2.3. Forward PCW
Assuming the input wave is described again by Eq. (1), its forward phase
conjugate wave can be deﬁned as
E0 ðz; x; y; oÞ ¼ a A0 ðz; x; yÞei½kzjðz;x;yÞ eiot ;

ð10Þ

where a is any real constant. In this case two related waves propagate along the same
direction and have the same frequency, therefore, the wave described by Eq. (10) can
also be called the frequency-degenerate forward PCW with respect to the input wave
described by Eq. (1).
In a more general case, one can also generate a forward phase conjugate wave with
a shifted frequency, such as
0

0

E0 ðz; x; y; o0 Þ ¼ a A0 ðz; x; yÞei½k zjðz;x;yÞ eio t ;

ð11Þ

where oao0 : The wave described by above equation can be called the frequencynondegenerate forward PCW. The physical meaning of a forward phase conjugate
wave described by either Eq. (10) or Eq. (11) can be interpreted as following: its
wavefront is reversed but the transverse amplitude distribution and propagation
direction remains the same as the input wave.
The aberration or distortion inﬂuence of the propagating medium on the input
wave can be compensated for its forward PCW in two ways, as schematically shown
in Fig. 3. Here, it is assumed that the input is an ideal plane wave, that a propagating
medium will impose considerable distortion upon the wavefront of the input light
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Fig. 3. Forward PCW generation and phase-distortion correction: (a) the combination of an optical phase
conjugator with an ordinary mirror reﬂector; (b) the optical phase conjugator is placed in the middle of
two identical propagating systems.

wave, and that an appropriate nonlinear medium is employed as a phase conjugator
to produce the forward PCW. In the ﬁrst way, as shown in Fig. 3(a), the wavefront
of the input plane wave is remarkably changed from shape (1) to shape (2) after
passing through the propagating medium. When this beam interacts with the phase
conjugator, its forward PCW can be generated featuring a reversed wavefront shape
(3). After reﬂection from a perpendicularly placed plane mirror, the forward PCW
beam becomes a backward PCW beam with wavefront shape (4). In this case the
phase conjugator is supposed to be activated only for a forward input beam but not
a backward beam; therefore, after passing through this phase conjugator the
backward PCW beam keeps an unchanged wavefront of shape (5). Finally, after
passing back through the same propagating medium, the phase distortion inﬂuence
on the output backward beam can be cancelled, and we will see a perfect wavefront
(6) again.
The other way to use a forward PCW to compensate phase distortion inﬂuence
from propagating media is schematically shown in Fig. 3(b). The feature of this setup
is that an optical phase conjugator is placed in the middle of two identical
propagating systems that impose the same distortion inﬂuence on the propagated
light wave. Once again, the optical phase conjugator is employed to produce a
forward PCW with wavefront shape (3) of the distorted input wave with wavefront
shape (2). After passing through the second propagating system, the phase distortion
inﬂuence generated by the ﬁrst system can be ﬁnally cancelled. This technical
approach is highly useful for long-distance optical ﬁber communications, where two
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spans of the same type of optical ﬁber can be thought as two identical propagating
systems.

3. Methods for producing optical phase conjugated waves (PCWs)
In practice, the backward phase conjugate waves (PCWs) can be produced based
on several different physical processes, which include (1) the backward four-wave
mixing [9,10], (2) the backward stimulated scattering [11,12], and (3) the backward
stimulated emission (lasing) [13,14]. On the other hand, the forward PCWs can be
generated based on (i) the forward four-wave mixing [15,16], (ii) the special threewave mixing in a second-order nonlinear medium [17,18], and (iii) photon-echo
processes in a resonant medium [19,20].
3.1. Backward degenerate four-wave mixing (FWM)
The most popular method to generate a backward degenerate PCW is based on
the so-called backward degenerate four-wave mixing (FWM), proposed ﬁrst by
Hellwarth in 1977 [9]. In this case, as shown in Fig. 4, a third-order nonlinear
medium is illuminated simultaneously with two counter-propagating strong plane
waves and a signal beam that has an arbitrary wavefront distortion and different
propagation direction. If these three incident waves have the same frequency o; we
may observe a newly generated wave with the same frequency o but propagating
along the opposite direction of the signal beam. The following derivation can simply
show that this newly generated wave is the backward frequency-degenerate PCW of
the incident signal beam.

Third-order
Nonlinear medium

Pump Wave E1(ω)

Phase Conjugate Wave E4(ω)
Z

Signal Beam E3(ω)

Pump Wave E2(ω)
z=0

z=l

Fig. 4. Phase-conjugate wave generation by degenerate four-wave mixing.
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Assuming the signal beam is propagating along the z-axis, the three incident
monochromatic waves can be expressed as
E1 ðoÞ ¼ a1 A1 ðrÞeiðotk1 rÞ ;
E2 ðoÞ ¼ a2 A2 ðrÞeiðotk2 rÞ ;
E3 ðoÞ ¼ a3 A3 ðzÞeiðotk3 zÞ ;

ð12Þ

where a1 is a unit vector along the light polarization direction of the ith wave,
k1 ¼ k2 is the wave vector of the one pump wave, k3 is the absolute value of the
wave vector of the signal beam, A1 and A2 are the real amplitude functions of the
two plane pump waves, and A3 is the complex amplitude function of the signal wave.
According to the principle of FWM, the fourth coherent wave will be generated
through the third-order nonlinear polarization response of the medium. This wave
and its corresponding nonlinear electric polarization can be written as
ð3Þ
iðotþk3 zÞ
Pð3Þ
;
4 ðoÞ ¼ e0 w ðo; o; oÞa1 a2 a3 A1 A2 A3 e

E4 ðoÞ ¼ a4 A4 ðzÞeiðotþk3 zÞ :

ð13Þ

Here the newly generated wave is propagating along the z direction, and the phasematching condition is always satisﬁed because k1 þ k2 ¼ k3 þ k4 0: As a result of
such a process, the signal wave will be ampliﬁed while the E4 wave is created.
For simplicity, it is assumed that the three incident wave are linearly polarized
along the same direction (x-axis) and the nonlinear medium is isotropic; therefore,
the E4 wave will also be polarized along the x-axis direction. Under this condition,
we can neglect the vector property of the ﬁelds and write the third-order nonlinear
polarization ﬁelds for E3 and E4 waves as
ð3Þ
iðotk3 zÞ
Pð3Þ
;
3 ðoÞ ¼ e0 we A1 A2 A4 e
ð3Þ
iðotþk3 zÞ
Pð3Þ
:
4 ðoÞ ¼ e0 we A1 A2 A3 e

ð14Þ

ð3Þ
Here, wð3Þ
e ¼ wxxxx ðo; o; oÞ is the effective third-order nonlinear susceptibility value,
which is a real quantity for nonresonant interaction or a complex quantity for
resonant or near-resonant interaction.
Substituting Eq. (14) into the general expression of nonlinear coupled-wave
equations, and assuming the depletion of both, strong pump waves can be neglected
within a short interaction length, we then obtain the equation describing the
amplitude variation along the z-axis for E3 and E4 waves:

qAn3 ðzÞ
¼ ig A4 ðzÞ;
qz
qA4 ðzÞ
¼ igA3 ðzÞ;
qz

ð15Þ
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where g in general is a complex coupling coefﬁcient determined by
k3 ðoÞ ð3Þ
w A1 A2
g ¼
2er ðoÞ e
o
wð3Þ A1 A2 :
¼
2cn0 ðoÞ e

141

ð16Þ

Here er and n0 are the linear dielectric constant and refractive index of the nonlinear
medium, respectively.
Under the condition that A1 ; A2 and, therefore, g are approximately constant, the
solutions of Eq. (15) can be expressed as [21]
cos½jgjðz  lÞ
jgj sin½jgjz
A3 ð0Þ  i
A ðlÞ;
A3 ðzÞ ¼
cos½jgjl
g cos½jgjl 4
ð17Þ
cos½jgjz
g sin½jgjðz  lÞ
A4 ðlÞ þ i
A3 ð0Þ;
A4 ðzÞ ¼
cos½jgjl
jgj cos½jgjl
where A3 (0) is the initial amplitude of the signal wave on the incident surface of the
nonlinear medium. Considering the boundary condition of A4 ðlÞ ¼ 0; we obtain the
ﬁnal solutions:
A3 ð0Þ
;
A3 ðlÞ ¼
cos½jgjl
ð18Þ
g
A4 ð0Þ ¼ i tan½jgjlA3 ð0Þ:
jgj
From Eq. (13) we know that the wave E4 is counter-propagating to the wave E3 ; on
the other hand, from the second expression of Eq. (18) we know that the complex
amplitude A4 ð0Þ is proportional to An3 ð0Þ near the incident surface. Therefore, one
can conclude that the waves E4 and E3 are phase-conjugated to each other and the
whole system plays the role of a phase-conjugate reﬂector. In this case the nonlinear
intensity-reﬂectivity of the system can be determined from Eq. (18) as
R ¼ jA4 ð0Þj2 =jA3 ð0Þj2 ¼ tan2 ½jgjl:

ð19Þ

If ðp=4Þojgjloð3p=4Þ; then R > 1; indicating an ampliﬁcation effect of the backward
wave E4 : In addition, from the ﬁrst expression of Eq. (18) we know that A3 ðlÞ >
A3 ð0Þ; i.e., the signal wave E3 will be always ampliﬁed through the nonlinear
medium.
In particular, when the following condition is fulﬁlled:
p
ð20Þ
jgjl ¼ ;
2
from Eq. (18) we have
jA4 ð0Þj
jA3 ðlÞj
¼ N;
¼ N:
ð21Þ
jA3 ð0Þj
jA3 ð0Þj
These expressions mean self-oscillation of both waves E3 and E4 : In reality, this
situation will not happen because the solutions given by Eq. (18) are valid only for
small signal gain. When the amplitude changes for waves E3 and E4 are considerably
large, the amplitude functions A1 and A2 of the pump beams can no longer be treated
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as constants, therefore the solutions expressed by Eq. (18) are not adequate to
describe the gain behavior of strong signals. Nevertheless, we still can use Eq. (20) as
a rough estimation of the effective interaction length (l0 ) for a given nonlinear
medium, which is
l0 E

p
cn0 ðoÞ p
1
 
¼
A1 A2 :
2jgj
o wð3Þ
e 

ð22Þ



ð3Þ

From Eq. (18) we can see that the greater value of wð3Þ
e ¼ wxxxx ðo; o; oÞ the
nonlinear medium has, the stronger reﬂected wave E4 it can generate. For
nonresonant interaction, wð3Þ
e is a real and small quantity, and consequently, the
nonlinear reﬂectivity R is quite low. To reach a higher nonlinear reﬂectivity,
 
 value
researchers have to use resonant or near-resonant effects to increase the wð3Þ
e
of the medium [22].
In the above part of this subsection, it is mathematically proven that a PCW can
be generated through a special degenerate FWM arrangement in a third-order
nonlinear medium. Such a process is essentially related to the four-photon
parametric interaction.
In the following part of this subsection, we shall consider a more general
interpretation that can explain why the PCW can be generated in such a special
FWM arrangement. This model is based on the principle of holography, i.e. twobeam induced volume gratings and the subsequent wavefront reconstruction with the
third beam [1,23].
As shown in Fig. 5, there are two counter-propagating plane pump waves (A1 and
A2 ) passing through a nonlinear medium, and a signal wave A3 is incident upon the
medium at an angle y with respect to the pump wave A1 : Under this arrangement the
backward propagating wave A4 can be generated through the reﬂection from two
possible induced gratings. First, let us consider the interference between the two
waves A1 and A3 that will produce nearly parallel interference fringes along the
bisector direction of the crossing angle y; as shown in Fig. 5(a). Considering that the
induced refractive-index change of the medium is proportional to the local light
intensity, one may realize that the interference fringes can produce an induced
holographic grating within the nonlinear medium. In this case the pump wave A2 can
Nonlinear Medium

Nonlinear Medium

A1

A3

A1

A2
θ

d13

A2

A3

(π−θ)
A4

A4

d 23

(a)

(b)

Fig. 5. Schematics describing the generation of a backward phase conjugate wave via induced holographic
gratings.
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be viewed as a reading beam; during its passing through the induced grating, a
diffracted (or reﬂected) wave A4 will be created. According to the principle of
holography, it is known that this diffracted wave A4 will restore the spatial
information carried by the incident signal wave A3 ; in other words, the waves A4 and
A3 are phase conjugated to each other. To further justify this conclusion we can treat
the nonlinear medium as a holographic medium whose transmission function is
determined by the interference-induced refractive-index modulation and can be
phenomenologically expressed as
TpðA1 þ A3 ÞðA1 þ A3 Þ ¼ jA1 j2 þjA3 j2 þA1 A3 þ A1 A3 :

ð23Þ

As assumed the waves A1 and A2 are two counter-propagating plane waves and
A2 ¼ An1 ; so that the transmitted ﬁeld of reading wave A2 will be
A02 pTA2 ¼ TA1 ¼ ½jA1 j2 þjA3 j2 A2 þ A3 ðA1 Þ2 þ A1 A2 A3 :

ð24Þ

Here on the right-hand side of the equation, the ﬁrst term proportional to A2
represents the zero-order diffracted wave that does not involve any spatial
information and therefore is not of interest to us. The contribution from the second
term that actually involves a phase factor of exp½ið2k1 r  k3 zÞ can be neglected
because its phase-matching condition could not be fulﬁlled. The third term
corresponds to the diffracted wave that involves the spatial information carried by
the signal wave A3 and can be written separately as
A4 pA1 A2 A3 :

ð25Þ

On the other hand, from Eq. (18) given in the previous subsection we know that
under the condition of jgjl51; we have
A4 ð0Þ ¼ igl A3 ð0ÞpA1 A2 A3 ð0Þ:

ð26Þ

Comparing the above two equations we can see that the two different physical
models lead to the same conclusion.
As shown in Fig. 5(b), the backward wave A4 can also be generated through the
diffraction of the holographic grating induced by the waves A2 and A3 : In that case
the pump wave A1 plays the role of the reading plane wave, and the reﬂected wave A4
is still phase conjugated to the wave A3 : Although these two gratings can both
contribute to the generation of the phase-conjugate wave A4 ; the periods of these two
grating are different and can be written as (see Fig. 5(a) and (b))


y 1
d13 ¼ l0 2 sin
;
2
ð27Þ


y 1
0
d23 ¼ l 2 cos
;
2
where l0 is the wavelength of the waves in the medium. It is obvious that these
periods of the induced gratings are determined by the corresponding spacing of the
interference fringes formed by two appropriate waves.
Till now, all mathematical derivations are based on the assumption that all
involved waves have the same frequency and the same linear polarization, and there
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Fig. 6. Backward degenerate FWM under different polarization combinations of the three incident
beams: (a) three beams have the same (s) polarization state, (b) A1 and A3 beams have the same (s)
polarization state, and (c) A2 and A3 beams have the same (s) polarization state.

are two gratings giving contributions to the formation of the reconstructed wave, as
shown in Fig. 6(a). Now let us consider that the three incident waves have the same
frequency, but only two of them have the same linear polarization. Two examples of
combinations of polarization states among four waves are shown schematically in
Fig. 6(b) and (c).
In the case shown in Fig. 6(b), the waves A1 and A3 are both linearly polarized
along the direction perpendicular to the plane of paper (the s components), whereas
the wave A2 is linearly polarized in the plane of paper (the p component). It is
obvious that only the waves A1 and A3 can interfere with each other to produce the
phase grating, while the wave A2 plays the role of the reading wave that creates the
phase conjugate wave A4 with the same polarization state (the p component).
Similarly, in the case shown in Fig. 6(c), only the waves A2 and A3 ; which have the
same polarization state, can produce the phase grating, whereas the reading wave A1
and the phase conjugate wave A4 have the same other polarization state. For more
general cases, the polarization states of the three incident waves and the phaseconjugate wave might be more complicated.
3.2. Backward nondegenerate FWM
Next, let us extend our discussions from the degenerate FWM to nondegenerate
(or partially degenerate) FWM. In the latter case, two waves have the same
frequency (o1 ), while the other two waves have another frequency (o2 ) [24]. Fig. 7
shows two schematics describing the generation of nondegenerate backward PCW
via partially degenerate FWM. In the case shown in Fig. 7(a), the pump wave A1 ðo1 Þ
and signal wave A3 ðo1 Þ have the same frequency and the same polarization state,
and therefore can produce an induced phase grating. Whereas, the reading wave
A2 ðo2 Þ with another frequency will create the diffracted wave A4 ðo2 Þ through the
induced grating. In this case the spatial information carried by the signal wave
A3 ðo1 Þ can be restored in the wave A4 ðo2 Þ; in other words, the latter is the frequencynondegenerate PCW of the former. Similarly, in the case shown in Fig. 7(b) the
waves A2 ðo1 Þ and A3 ðo1 Þ have the same frequency and polarization state and can
produce the grating, while the reading wave A1 ðo2 Þ with another frequency will
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Fig. 7. Schematics describing the generation of the backward nondegenerate PCW via partially degenerate
FWM in a nonlinear medium.

create the diffracted wave A4 ðo2 Þ: In this case A4 ðo2 Þ is phase-conjugated with
A3 ðo1 Þ:
The processes described above are essentially the same as that observed when we
use two beams of the same frequency to produce a hologram, and then use another
beam with a different frequency to read this hologram. In that case the diffracted
beam has the same frequency as the reading beam, but the reconstructed spatial
structure of this beam may be inﬂuenced by the wavelength difference between the
recording beams and the reading beam.
In the latter sections we shall indicate that the induced holographic grating model
is not only useful to explain the generation of PCW via FWM processes, but also
suitable to explain the PCW generation through either the backward stimulated
scattering or the backward stimulated emission (lasing) processes.
3.3. Forward FWM
Generally speaking, the forward optical PCW can be generated in a third-order
nonlinear medium via specially designed forward FWM arrangement.
Firstly, let us consider the principle of utilizing a forward degenerate FWM setup
to generate the degenerate forward PCW [16]. Such an arrangement is schematically
shown in Fig. 8, where two strong pump beams (beam 1 and beam 2) of the same
frequency are passing through the nonlinear medium with a small intersection angle
(y12 ) in a horizontal plane. The signal beam 3 with the same frequency is incident
nearly in a vertical plane at a small intersection angle (y32 ) with respect to beam 2. By
adjusting the latter angle and the spatial overlapping in the medium among the three
beams until beam 3 is exactly located at a circle, which passes through beams 1 and 2
with an angular diameter of y12 in an observation screen, a newly generated coherent
emission beam 4 of the same frequency might be observed at the location
symmetrical to that of beam 3 along the circle. Meanwhile, after passing through
the nonlinear medium, the intensity of beam 3 is increased. This observation can be
well understood if we recognize it as a result of degenerate four-photon parametric
processes. This involves the annihilation of two photons from beams 1 and 2, and the
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Fig. 8. Forward degenerate FWM setup for generating forward PCW.

simultaneous creation of two photons contributing to beams 3 and 4. The phasematching condition in this case can be written as
k1 ðoÞ þ k2 ðoÞ ¼ k3 ðoÞ þ k4 ðoÞ:

ð28Þ

Neglecting the depletion of two pump beams within the thin nonlinear medium, we
can readily prove that
A4 ðoÞpA3 ðoÞ;

ð29Þ

i.e. beam 4 is the forward PCW of the signal beam 3. Here we further extend the
deﬁnition of forward PCW when two mutually conjugated forward beams may have
different propagation directions.
In the arrangement described above, generation of beam 4 can also be explained
well by the model of holographic grating. According to this model, the newly
generated beam 4 is not only a result of four-photon parametric ampliﬁcation
process, but also is from the refraction of induced gratings. Speciﬁcally, there may be
two contributions from grating diffraction (or reﬂection) to the formation of phaseconjugated beam 4: one is from the grating formed by beams 2 and 3 reading by
pump beam 1, the other is from the grating formed by beams 1 and 3 reading by
pump beam 2. Though it is not easy, it can be done to distinguish the grating
contribution from the four-photon parametric contribution. The major difference is
that the latter only takes place when three beams arrive at the nonlinear medium at
exactly the same time, whereas the former can take place even when one pump beam
is delayed with respect to the other, within a certain time interval. In most cases,
optical beam-induced gratings can last a certain time period depending on the
speciﬁc mechanisms of intensity-dependent refractive index changes of the medium.
Moreover, if the grating contribution is the dominant mechanism, multi-spot
structures may be observed in the screen at a high pump level, owing to a higherorder grating diffraction effect [25].
Next, let us consider how to utilize a nondegenerate forward FWM method to
generate the forward PCW. A quite simple experimental approach is shown in
Fig. 9(a), where a strong pump beam 1 of frequency o1 and a weak signal beam 2 of
frequency o2 are passing through a third-order nonlinear medium simultaneously
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Fig. 9. Forward nondegenerate FWM for generating forward PCW: (a) optical layout, (b) phasematching, and (c) spectral locations.

with an appropriate intersection angle y: Under this arrangement a newly generated
beam 3 may be obtained in a different forward direction via a noncollinear fourphoton parametric process, provided that the following energy conservation and
phase-matching conditions are fulﬁlled:
2o1 ¼ o2 þ o3 ;
2k1 ¼ k2 þ k3 :

ð30Þ

In this case, it can be easily proven that beam 3 is phase-conjugated with signal
beam 2. According to Eq. (30), o3 ¼ 2o1  o2 ¼ o1  ðo2  o1 Þ; i.e., the signal
frequency o2 and phase-conjugate frequency o3 always exhibit a symmetric
distribution with respect to the pump frequency o1 ; as shown in Fig. 9(c). For a
given combination of o1 and o2 as well as the dispersion property of refractive index
of the medium, phase-matching angles y and y0 ; as shown in Fig. 9(b), can be
calculated. In experiments, one may carefully adjust the intersection angle between
two incident beams until the phase conjugate beam 3 can be observed. In particular,
if o2 ¼ o1 7Dor and Dor is the Raman frequency shift of the medium, we will see a
Raman-enhanced FWM process, which is essentially similar to CARS (coherent
anti-Stokes Raman spectroscopy) or CSRS (coherent Stokes Raman spectroscopy)
processes.
Furthermore, if we assume that o2 Eo1 Eo3 and the refractive-index dispersion is
very small within a narrow spectral range covering these three frequencies, then
2nðo1 ÞEnðo2 Þ þ nðo3 Þ and the phase-matching condition shown in Fig. 9(b) can be
nearly fulﬁlled in the same forward direction. This special approach is highly useful
for optical ﬁber communication systems where the forward phase-conjugate waves
can be utilized to compensate the chromatic dispersion and nonlinear phasedistortion of a long-distance ﬁber network. We shall discuss this issue in detail in
Subsection 7.3.

G.S. He / Progress in Quantum Electronics 26 (2002) 131–191

148

3.4. Forward three-wave mixing in a second-order medium
From historical viewpoint, the earliest suggestion for generating PCW based on a
special three-wave mixing in the second-order nonlinear crystal was given by Yariv
in 1976 [17]. It is well known that such a crystal can be used for second harmonic
generation (SHG) at frequency of 2o pumping with a strong fundamental wave at
frequency of o: For the purpose of PCW generation [18,26,27], one can let the
fundamental beam and SHG beam pass through another second-order nonlinear
crystal together as shown in Fig. 10. For the second crystal the input ﬁelds can be
written as (neglecting the polarization property of both beams):
E1 ðoÞ ¼ A1 ðoÞei½otkðoÞz ;

ð31Þ

E2 ð2oÞ ¼ A2 ð2oÞei½2otkð2oÞz ;
which induce a second-order nonlinear polarization wave described by
ð2Þ
iðot½kð2oÞkðoÞzÞ
Pð2Þ
:
3 ðoÞ ¼ e0 we ð2o; oÞA2 ð2oÞA1 ðoÞe

ð32Þ

Here wð2Þ
e is the effective second-order nonlinear susceptibility of the second crystal.
Assuming that the phase-matching requirement in this crystal is satisﬁed, i.e.
kð2oÞ ¼ 2kðoÞ or nð2oÞ ¼ nðoÞ; then Pð2Þ
3 ð2oÞ will emit the third optical ﬁeld of same
frequency:
i½otkðoÞz
E3 ðoÞpwð2Þ
:
e A2 ð2oÞA1 ðoÞe

ð33Þ

Here it is assumed that E2 ð2oÞ is a strong pump wave with a negligible depletion
within the second nonlinear crystal, and E1 ðoÞ is a weak signal beam carrying certain
amplitude/phase information. From Eq. (33) one can see that E3 ðoÞ is a forward
PCW of the signal wave E1 ðoÞ:

Second-order
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crystal 2

E2(2ω)
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E3(ω)
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ω
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Second-order
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ωp /2
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Ei(ωi)
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ωi ωs
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Fig. 10. Three-wave mixing for generating forward PCW in a second-order nonlinear crystal: (a)
degenerate difference-frequency generation, (b) quasi-degenerate difference-frequency generation.
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In practice, there are two ways to separate the phase-conjugate E3 ðoÞ wave from
the transmitted signal wave E1 ðoÞ: The ﬁrst way is to distinguish one wave from the
other by their polarization status. For example, under Type II phase-matching
condition in a negative uniaxial crystal, the pump wave E2 ð2oÞ and signal wave
E1 ðoÞ can both be extraordinary rays, while the phase-conjugate wave E3 ðoÞ will be
an ordinary ray. The second way is to employ a near-degenerate optical parametric
ampliﬁcation process in a second-order nonlinear crystal, where the frequency os of
a signal wave is close (not equal) to the half of a strong pump frequency op ; i.e.
os Eop =2: Under similar experimental conditions as that mentioned above, a
forward coherent wave can be generated in the crystal at a new frequency of oi ¼
op  os ; as shown in Fig. 10(b). The newly generated (idler) wave Ei ðoi Þ will be
phase-conjugated with the signal wave Es ðos Þ: It should be noted that in this case the
spectral positions of these two waves are mirror-symmetric with respect to the value
of op =2:

3.5. Backward stimulated scattering
It is well known that upon the excitation of intense and highly directional
laser radiation, various types of stimulated scattering can be observed in
appropriate scattering media. The most typical of them are stimulated Raman
scattering [28], stimulated Brillouin scattering [29], stimulated Rayleigh-wing
scattering [30], and stimulated Kerr scattering [31]. Generally speaking, stimulated
scattering exhibits the same features as stimulated emission (lasing), such as (i)
threshold requirement for pump intensity, (ii) exponential ampliﬁcation
within the gain medium for small signal, (iii) high directionality and brightness of
the output coherent beam [5].
From the historical point of view, the earliest observation of the optical
phase conjugation (OPC) property was made in the experiment of backward
stimulated Brillouin scattering (SBS) in 1972 [11,12]. Since then researchers
have found that the similar OPC behavior can also be observed on the
backward output of other types of stimulated scattering. Those experimental
results showed that the aberration inﬂuence imposed on the pump laser
beam could be automatically canceled in the backward stimulated
scattering beam. In this sense the latter is a nondegenerate backward
phase-conjugate wave of the input pump beam, as there is usually a frequency
shift between the pump frequency and the backward stimulated scattering
frequency.
However, for a long time, there was lack of a clear theoretical model to explain
why the similar OPC behavior can be observed via different types of stimulated
scattering even though the physical mechanisms for them are totally different. In
Section 5, a quasi-collinear four-wave mixing model is suggested as a common
mechanism for PCW generation via various backward stimulated scattering
processes [32].
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3.6. Backward stimulated emission (lasing)
As mentioned in the preceding subsection, there is a remarkable analogy between
stimulated scattering and stimulated emission [5]. The only difference between these
two processes is that the stimulated emission requires population inversion in a
lasing medium, whereas the generation of stimulated scattering does not require such
population inversion in a scattering medium. Keeping this analogy in mind, one may
expect that the same OPC behavior should also be observed in the backward
stimulated emission under proper conditions.
In reality, the superior phase-conjugation property has recently been demonstrated in several two-photon pumped dye lasing systems [14,33]. The results of these
studies have shown that under proper experimental conditions the backward
stimulated emission from a two-photon pumped gain medium can be a good PCW of
the input pump beam. In Section 6, the same quasi-collinear four-wave mixing
model, as presented in Section 5, shall be applied to explain why and under what
conditions one may produce the phase-conjugate backward stimulated emission
from a lasing medium excited with one-photon, two-photon, or even three-photon
absorption [34].

4. Studies of PCW generation via four-wave mixing (FWM)
In the area of optical phase conjugation (OPC) research, the majority of
experimental studies have been done by the degenerate FWM method. The reason
for this is that the principle and visualization of that method is simple and clear, the
required laser facilities are relatively inexpensive, and most importantly, a great
number and broad variety of materials can be employed as nonlinear optical media
for tests. It should be pointed out that a considerable part of those studies has been
focused on measuring the nonlinearity of materials themselves, rather than
investigating the phase-conjugate properties of backward generated optical beams.
4.1. Experiments
Fig. 11 shows two typical experimental arrangements for observing PCW via
backward degenerate FWM. The common feature of these arrangements is that the
master beam from a laser source is divided into three beams via appropriate mirrors
and beamsplitters. Two of them are used as pump beams and pass through a
nonlinear medium in a counter-propagating way, while the third beam containing
certain spatial information is incident upon the nonlinear medium with a crossing
angle to one of the pump beams. Under these arrangements the backward PCW can
be measured in the direction opposite to that of the incident signal beam. To ensure a
longer interaction length, the angle between the signal beam and one of the pump
beams should be relatively small. In practice, to achieve a higher local intensity the
three incident beams are either weakly focused by a lens system or compressed with a
reversed beam expander.
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Fig. 11. Two typical experimental setups for PCW generation via degenerate four-wave mixing.

The difference between these two layouts is that, for the former, the backward
pump wave is simply provided by a vertically placed mirror, whereas for the latter
the two counter-propagating pump waves are provided by an optical ring-path. It is
noted that the ﬁrst arrangement is much simpler than the second. However, the
second arrangement is more convenient to examine the inﬂuences from various
polarization combinations of three incident beams or to change the intensity ratio
among them. To eliminate the possible optical feedback from the backward phaseconjugate beam into the laser source, one may put an optical isolator near the output
end of the laser device, or simply increase the distance between the laser and the
nonlinear medium so that the backward traveling time of the feedback light pulses is
longer than the laser-pulse duration.
In experiments the following major aspects have been investigated:
4.1.1. The nonlinear reflectivity R
It is deﬁned as the intensity (or energy) ratio between the incident signal beam and
the backward phase-conjugate beam. According to Eqs. (19) and (16), the value of R
and related coupling parameter g can be approximately expressed as

2 2  ð3Þ 2

  I1 I2 l 2 :
RE½jgjl2 pwð3Þ
ð34Þ
e A 1 A 2 l p we
Here, wð3Þ
e is the effective third-order nonlinear susceptibility value of the medium, I1
and I2 are intensity values of the two pump waves, l is the effective interaction length
in the nonlinear medium, and jgjl5p=4 is assumed.
4.1.2. Fidelity of the phase-conjugate beam
To examine the aberration-correction capability of the phase-conjugate beam, an
aberrating plate, which is usually a glass slide etched by hydroﬂuoric acid solution,
can be placed on the incident path of the signal beam. After passing back through
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the same aberrating plate, the aberration inﬂuence on the phase-conjugate beam
might be entirely or partially removed depending on the ﬁdelity of wavefront
reconstruction of that beam.
4.1.3. Polarization property of the phase-conjugate beam
As we brieﬂy mentioned in Subsection 3.1, the polarization behavior of PCW is
dependent on the polarization states of the three incident beams. Hence, from the
study of inﬂuences of various polarization combinations among the three input
waves, researchers may have a better understanding of the related processes.
4.1.4. Temporal behavior of the pulsed phase-conjugate wave
To test the dynamic response of the PCW generation via FWM arrangements, a
short- or ultrashort-pulse laser source should be employed to provide the three input
pulsed waves. Letting two writing pulses be incident on the sample simultaneously to
produce a phase-grating, and delaying the third reading pulse, one may determine
whether the four-photon parametric interaction or the induced phase-grating effect
is the main mechanism that leads to PCW generation under given experimental
conditions. If the induced grating effect is the major origin, one may further
determine what is the dominant mechanism leading to the induced refractive-index
changes. There are many mechanisms that can cause intensity-dependent refractiveindex changes in nonlinear media, including (a) electronic cloud distortion,
(b) intramolecular (Raman) motion, (c) molecular (Kerr) reorientation, (d) optoelectrostriction, (e) photorefractive effect in doped second-order materials,
(f) population change, and (g) opto-thermal effect [5]. Different mechanisms have
different time-response characteristics, therefore, they can be experimentally
identiﬁed by measuring the rising and decaying behavior of the induced gratings.
Table 1 summarizes the roughly estimated values of rise-time and decay-time for
different mechanisms causing refractive-index changes in commonly used nonlinear
media.
4.2. Some typical results
The most experimental studies via FWM arrangements can be classiﬁed into three
broad categories: one is based on nonresonant media, another is based on resonant
Table 1
Estimated values of trise and trelax for different mechanisms causing refractive-index changes
Mechanism

Rise-time (s)
15

Relaxation-time (s)

16

15

16

Electronic cloud distortion

p(10

Intramolecular motion
Molecular reorientation
Electrostriction

p(1012–1014)
p(1012–1013)
X(109–1010)

p(1012–1014)
p(1011–1012)
X(109–1010)

Population change
Opto-thermal effect

E(1010–1013)
E(108–1010)

X(108–1010)
X(103–106)

–10

)

p(10

–10

)

Resonant enhancement
No
Yes
Yes
No
No
Yes
Yes
Yes
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media, and the third is based on photorefractive materials. Generally speaking, the
nonlinear reﬂectivity is rather low when the nonresonant media are used. In contrast,
the nonlinear reﬂectivity can be signiﬁcantly increased when an enhancement of the
third-order nonlinearity of nonlinear medium is introduced.
4.2.1. Degenerate FWM in nonresonant media
In the earliest experiments of phase-conjugation via FWM, CS2 liquid was used as
a nonresonant nonlinear medium and the three incident beams were the Q-switched
visible laser beams. The spatial resolution of the wavefront reconstruction for the
phase-conjugate beam could be up to 30 lines/mm [10], and the measured nonlinear
reﬂectivity was RE10% [35]. To demonstrate the image reconstruction property of
the PCW, Fig. 12 shows the photographs of near-ﬁeld images of the PCW generated
via FWM in a CS2-ﬁlled cell [10]. To obtain these photographs, an experimental
arrangement like that shown in Fig. 11(a) was used; the uniform signal beam passed
through a resolution test target and then was incident upon the nonlinear liquid

Fig. 12. Photomicrographs of reconstructed images of the phase-conjugate beam via FWM: (a) without
aberrator, (b) with aberrator, (c) without aberrator but a rear-mirror misaligned by 0.25 mrad, and (d)
with aberrator but the rear mirror misaligned by 0.25 mrad. (From Ref. [10].)
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sample. The photographs shown in Fig. 12(a) and (b) were obtained without and
with placing an aberrator (a piece of clear glass cut from the side of a bottle) in the
path of the incident signal beam, respectively. The photographs shown in Fig. 12(c)
and (d) were obtained without and with placing the aberrator on the path, when the
rear reﬂective mirror that provided the backward pump beam was misadjusted by
0.25 mrad vertically. One can see in Fig. 12(c) that the reconstructed image is still
clear and just slightly shifted vertically. However, in Fig. 12(d) the image is severely
distorted because the backward-generated beam (diffracted from the induced
gratings) passed through different portions of the aberrator; therefore the original
aberration cannot be corrected.
Some early experimental studies were performed on the semiconductor crystals
with 10.6 mm radiation from pulsed CO2 laser devices. For example, using a
polycrystalline Ge bulk sample as the nonlinear medium, the measured nonlinear
reﬂectivity was RE2% at a pump intensity level of B1 MW/cm2 [36]. In a similar
experiment, the Hg1xCdxTe alloy was used as a nonlinear medium, and the
measured nonlinear reﬂectivity was RE9%; it was suggested that the nonlinearity of
this medium was due to conduction-band nonparabolicity [37].
Another example was the use of the MBBA liquid crystal as a nonresonant
nonlinear medium. In that case, the three input beams were from a 694.3 nm Qswitched ruby laser operated on a single longitudinal/transverse mode in a
temperature range of 45B551C. The measured maximum nonlinear reﬂectivity
could be as high as RE230% provided that the two pump beams were circularly
polarized in the opposite sense [38].
4.2.2. PCW generation in resonant media
As mentioned before, in order to achieve a higher nonlinear reﬂectivity, the value
of effective third-order nonlinear susceptibility for the medium should be as large as
possible. For this reason researchers prefer to choose resonant media in which
certain types of resonance enhancements of wð3Þ
e can be utilized.
In early experiments the metal vapors were used as resonant nonlinear media
[39,40]. One example was the use of Na vapor pumped by 0.5896 mm laser beams
near the D-resonant line position with a detuning of 1.25 cm1. When the intensities
for the pump beam and signal beam were 40 and 0.3 kW/cm2, respectively, the
measured nonlinear reﬂectivity was as high as RE102 ; and the spatial resolution of
the phase-conjugate beam was measured to be 4 lines/mm [40]. Fig. 13 shows the
measured gain data for the signal beam and phase-conjugate beam as a function of
the pump intensity; the theoretical curves shown in the same ﬁgure were given by
Eq. (18). One can see in Fig. 13 that when the pump intensity was higher than
B30 kW/cm2, the obvious gain saturation for both beams occurred. In addition, the
oscilloscope traces of the input pump pulse and phase-conjugate pulse are shown in
the inset of Fig. 13, from which one can see that the pulse duration of the PCW pulse
was three times shorter than that of the signal wave pulse.
There are many resonant media that can be utilized for degenerate FWM studies
with one-photon resonant enhancement [23,41–46]. In one early experiment, crystals
of Nd:YAG, Cr:Al2O3, KCl:ReO4, etc., were employed for performing FWM, the
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Fig. 13. Measured intensity gain of the phase-conjugate beam (solid points) and transmitted signal beam
(open circles) as a function of the pump intensity. The dashed and solid curves are theoretical ﬁts for these
two beams. Inset (a): temporal proﬁles of the input signal pulse and phase-conjugate pulse. (From
Ref. [40].)

measured R ranging from 103 to 102 [41]. Another interesting medium is SF6 gas, a
saturable absorbing medium for mid-IR radiation; therefore, it can be employed for
resonant degenerate FWM. In the experiment the input 10.6-mm beams were
provided by a CO2 laser source, the saturable absorption in SF6 led to an enhanced
refractive-index change, and the measured nonlinear reﬂectivity was R ¼ 7% [23,42].
It is expected that semiconductor materials can be used to generate PCW in the IR
range with a certain type of resonant enhancement of the third-order nonlinearity. A
commonly employed approach is using the near-resonance between the band-gap of
a semiconductor medium and the one- or two-photon energy of the input laser
beams. There is an example of two-photon enhanced degenerate FWM using Ge
crystal as the nonlinear medium. The input radiation provided by a pulsed DF laser
source involved multi-lines in the spectral range of 3.6B4.0 mm. Since germanium
exhibits two-photon absorption at 3.4 mm wavelength, a near-resonant enhancement
could be achieved. Under the condition of 3.8 mm single-line excitation at an
intensity level of 12 MW/cm2, the measured nonlinear reﬂectivity was R ¼ 0:14%
[44]. In another experiment, the nonlinear medium was a p-type Si single crystal
pumped with 1.06 mm beams from a Q-switched Nd:YAG laser source. Because the
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band-gap energy for the Si sample at room temperature is E ¼ 1:11 eV; which is close
to the single pump photon energy of hn ¼ 1:116 eV, a near-resonance enhancement
can be achieved. For the sample with a residual carrier concentration less than
1014 cm3, the measured nonlinear reﬂectivity was R ¼ 105% [45].
It is known that dye solutions or dye-doped solid materials have very strong linear
(one-photon) or nonlinear (two-photon) absorption bands in appropriate spectral
regions, therefore, they are good candidates for degenerate or partially degenerate
FWM studies because of largely enhanced third-order nonlinearity. In these cases,
the observed phase-conjugate signals are generated from the diffraction in the
induced phase gratings, which are most likely formed via population changes and/or
opto-thermal effects. For example, the BDN dye solution is a saturable-absorption
medium well known for passive Q-switching at 1.06 mm wavelength. Utilizing this
dye solution as a nonlinear medium for the FWM experiment pumped with 1.06 mm
laser beams, when the pump intensities were much higher than the saturation
intensity value, the measured nonlinear reﬂectivity was R ¼ 600% [46].
4.2.3. PCW generation via nondegenerate FWM
Until now we have only described the experimental results based on the degenerate
FWM, in which all four waves had the same wavelength or frequency. However, as
mentioned in Section 3.2, the PCW can also be generated via nondegenerate (or
partially degenerate) FWM processes. In these cases, the two input waves having the
same frequency (o1 ) are used to interfere with each other and to produce an induced
phase grating, while the third reading beam and the diffracted phase-conjugate wave
have another frequency (o2 ) [24,47–51].
As an example, Fig. 14 shows a schematic of the optical layout, employed in
the earliest experimental demonstration of partially degenerate FWM [24]. Here
a Q-switched and frequency-doubled Nd:YAG laser simultaneously provided two
stronger 1.06 mm IR laser beams as well as a weaker 0.53 mm second-harmonic beam.
One 1.06 mm laser beam passed through a hole-pattern plate and then interacted with
the other 1.06 mm beam to produce a phase grating inside a nonlinear medium. In the
mean time, the green laser beam was incident on the medium to read the induced
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Fig. 14. Optical layout for generating PCW via nondegenerate FWM.
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grating and to generate a backward-diffracted beam at the same wavelength of
0.53 mm. In this experiment, more than 14 liquids (including CS2, water, acetone,
benzene, etc.) and an IR ﬁlter glass sample were tested, and the observed diffracted
beam was found to be a visible replica of the IR signal beam. The image patterns
carried by the IR signal beam and restored by the green phase-conjugate beam are
shown in Fig. 15. The apparent difference of the image sizes is due to the fact that
signal beam was slightly divergent while the backward diffracted beam from the
grating was slightly convergent. One can see that there is a fairly good ﬁdelity of the
wavefront reconstruction of the replica beam. Moreover, by changing the time delay
between the two IR writing beams and the green reading beam, the lifetime of the
induced grating can be measured. For most of the tested liquid samples, the results
show that the induced gratings could last even more than microseconds. This fact
implies that the induced grating is mainly caused by the opto-thermal effect. The
thermal grating in the liquid samples might be related to the impurity absorption or
two-photon absorption.
Another type of nondegenerate FWM, the so-called Brillouin-enhanced FWM,
can also be employed to generate nondegenerate PCW [52–56]. In this approach
among the four waves involved, two waves exhibit the same frequency while the
frequency difference between two of them should be equal to the backward Brillouin
scattering frequency-shift. The possible arrangements of frequency combinations of
these four waves are schematically shown in Fig. 16 [55]. In these cases there will be a
Brillouin-enhanced traveling-wave grating that plays an essential role in backward
PCW generation.

Fig. 15. Images carried by a 1.06 mm signal beam and the 0.532 mm phase-conjugate beam. (From
Ref. [24].)
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Fig. 16. Brillouin-enhanced FWM with different frequency-combinations for generating PCW with a
frequency downshifted (a) and (b), unshifted (c), and upshifted (d).

The signiﬁcance of using nondegenerate FWM to generate PCW is that:
(i) This is a new technical approach to transfer images from one wavelength to
another wavelength with high ﬁdelity,
(ii) The transferred image can be ampliﬁed or intensiﬁed because it can abstract
partial energy from the pump beam via the grating diffraction,
(iii) This process reveals a key insight that explains the phase-conjugate behavior of
the backward stimulated scattering and backward stimulated emission (lasing).

4.3. Nonlinear media
The majority of published works in the ﬁeld of optical phase conjugation and
FWM had been based on studying the nonlinear optical properties of a great variety
of materials. In order to achieve a higher nonlinear reﬂectivity or FWM efﬁciency, a
number of forms of resonant enhancement can be involved, including one-photon or
two-photon absorption resonance, Raman resonance, Brillouin opto-acoustic
resonance, and others. All these types of enhancement may lead to a larger
refractive-index change and therefore a higher diffraction (or reﬂection) efﬁciency of
the induced grating. Unfortunately, however, in many cases the employed resonant
enhancements are often accompanied by opto-thermal effects, which might dominate
over other mechanisms and provide a poorer reproducibility and less academic
signiﬁcance.
The following is a summary of various types of optical materials commonly used
for FWM studies.
(1) Absorbing liquid and solid materials. These types of optical media exhibit
a strong one-photon or two-photon absorption band covering the
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wavelength range of employed laser beams. In most cases the major
mechanism causing the induced refractive-index change is either
population change or related opto-thermal effect. The typical materials
in this category include dye solutions [57–61] or dye-doped
matrixes [62–68], impurity-doped glasses [69–75] and crystals [76–79],
fullerenes (e.g. C60) related materials [80–82], and liquid crystals
[83–86].
(2) Lasing (gain) media. Degenerate FWM and phase-conjugation experiments
can be achieved in various pumped lasing media, such as Nd:YAG and
others [87–92]. In those cases the three incident beams exhibit the same
wavelength, i.e. the lasing wavelength of a given gain medium (e.g.
1064 nm for Nd:YAG). One of the major mechanisms producing
induced gratings could be the periodic spatial modulation of population
distribution in the medium. The advantage of using lasing media as FWM
materials might be that the phase-conjugate signal could get additional
stimulated ampliﬁcation through the population inversion systems. The
reported nonlinear reﬂectivity could be up to B2500 for a small signal intensity
and multi-pass geometry [88].
(3) Metal vapors. Degenerate or near degenerate FWM can be efﬁciently
accomplished in various metal vapors, including Na, K, Rb, Cs, and others
[93–99]. Compared with liquid or solid absorbing media, metal atoms in the
vapor phase exhibit much narrower absorption line width, therefore the
wavelengths of incident laser beams have to be tuned close enough to the chosen
spectral transition to reach the necessary resonant enhancement. The reported
nonlinear reﬂectivity can be as high as B300 [100].
(4) Photorefractive materials. Degenerate FWM is a common technique to
investigate the optical phase conjugation properties of photorefractive
materials. It is well known that the photorefractive effect is based on the
combination of photoconductivity-induced charge separation and subsequent electro-optic response in a second-order nonlinear medium [101–103].
In this sense the mechanisms of induced refractive-index change are
totally different from the above mentioned third-order nonlinear media. For
this reason most photorefractive materials used for FWM and phase
conjugation studies are impurity-doped inorganic crystals, such as
LiNbO3, LiTaO3, BaTiO3, KNbO3, Sr1xBaxNb2O6 (SBN), Ba2xSrxK1y
NayNb5O15 (KNSBN), Bi12(Si, Ge)O20, KH2PO4, CdS, GaAs, InP,
etc. [104]. In the recent decade, organic crystals and dc-ﬁeld poled
polymer materials have also been employed as novel photorefractive
materials for FWM studies [105]. Generally speaking, photorefractive materials
can provide a high efﬁciency light-induced gratings even when using low power
cw laser beams in OPC experiments [106,107]. The main disadvantage of this
type of nonlinear material for FWM performances is their slow temporal
response (usually in 1–103 s range). The details of utilizing photorefractive
materials to generate optical phase conjugate waves (PCW) are beyond the
scope of this review.
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5. PCW generation via backward stimulated scattering
To date, one of the most simple and efﬁcient methods to generate backward PCW
is based on various backward stimulated scattering processes, in particular,
stimulated Brillouin scattering. In this approach, only a strong and single focused
laser beam is needed to pump a given scattering medium, and the backward
stimulated scattering beam can be automatically phase-conjugated with the input
pump beam, under appropriate experimental conditions. To interpret this special
property of the backward stimulated scattering, a quasi-collinear and nondegenerate
FWM model can be employed, which may give a clear and straightforward
explanation on this property in both qualitative and quantitative ways.
5.1. Phase-conjugation properties of backward stimulated scattering
The earliest observation of the optical phase conjugation effect was made in an
experiment of stimulated Brillouin scattering (SBS) in 1972 by Zel’dovich et al. [11]
The experimental arrangement used for this type of observation is shown
schematically in Fig. 17. Here, the pump source was a single-axial-mode and Qswitched ruby laser; the pump beam was passed through an aberration plate and
then focused onto the scattering medium. After passing back through the same
aberration plate, the spatial structure of the backward SBS could be compared to
that of the incident pump beam. In the experiment, the scattering medium was highpressure CF6 gas ﬁlling in a 94 cm long cell, the divergence of the input l0 ¼ 694:3nm pump beam was 0.14 1.3 mrad, and after passing through the aberration plate
it became B3.5 mrad. If a plane mirror was put in the path of the pump beam and
the reﬂected pump beam was allowed to pass through the aberrator a second time,
the beam divergence was increased to B6.5 mrad. Whereas, it was shown that after
passing through the same aberrator the backward SBS had nearly the same
divergence as the initial pump beam, i.e., the aberration inﬂuence was removed. The
measured energy-transfer efﬁciency from the input pump pulse to the backward SBS
pulse was ZE25% [11]. In another similar early experiment, the scattering medium
was CS2 liquid in a glass cell and the aberration plate was replaced by a poor-quality
ruby ampliﬁer rod. The divergence of the initial input pump beam was 0.13 mrad;
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ωB
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SBS Output ωB

Scattering
Medium

Fig. 17. Experimental arrangement for observing phase-conjugation behavior of backward stimulated
Brillouin scattering.
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after passing through the ampliﬁer rod it increased to 2.5 mrad. In contrast, after
passing through the same ampliﬁer rod the backward SBS exhibited a divergence
angle of only B0.15 mrad, and the measured energy transfer efﬁciency was
ZE60% [12].
The results of these two experiments showed that the aberration inﬂuence imposed
on an input pump laser beam could be automatically canceled in the backward SBS
beam. In this sense the backward SBS beam is a phase-conjugate wave of the input
pump beam. However, during that time period this observation could not be well
explained by the known theory of SBS. For this reason, the results did not attract
much attention in research community for more than 4–5 years until 1977, when the
theories of phase-conjugate wave generation via three-wave and four-wave mixing
were suggested [17,9] and experimentally proven [18,10]. Since then studies of PCW
generation via backward-stimulated scattering have become more interesting for
researchers because of its simplicity and high efﬁciency.
More importantly, it was found that the PCW could be generated not only by the
backward stimulated Brillouin (SBS) process [108–119], but also by other stimulated
scattering processes, such as the backward stimulated Raman scattering (SRS) [120–
125], stimulated Rayleigh-wing scattering (SRWS) [126–128], and the so-called selfpumped backward stimulated scattering in photorefractive materials [129–134]. Here
we shall describe several experimental results that clearly demonstrate the phaseconjugate properties of backward stimulated-scattering beams generated through
different scattering mechanisms.
Fig. 18 shows the intensity distributions and photographs of far-ﬁeld patterns of
the original pump beam, the aberrated pump beam, and the aberration-corrected
backward SBS beam from CS2 liquid [108]. The pump beam was a TEM00 single
longitudinal-mode 694.3 nm pulsed laser beam of 17 ns duration with B0.57 mrad

Fig. 18. Normalized far-ﬁled intensity distributions and photographs for the original pump beam, the
aberrated pump beam, and the aberration-corrected backward SBS beam. (From Ref. [108].)
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divergence angle. After twice passing through an aberrator (a microscope slide
etched in hydroﬂuoric acid), the divergence angle of the pump beam was increased to
6.6 mrad. In contrast, after passing through the same aberrator the backward SBS
beam exhibited a much smaller angle of 0.44 mrad; in other words, the aberration
was totally corrected.
As another example, Fig. 19 shows the image-reconstruction by a backward
stimulated Rayleigh-wing scattering (SRWS) beam from a CS2-liquid cell pumped
with linearly polarized 532 nm laser pulses of 20 ps pulse duration and 15 mJ energy
[128]. From Fig. 19 one can see that the inﬂuence from the aberrator can to some
extent be (not perfectly) removed from the backward SRWS beam.
Finally, the wave-front reconstruction of the backward stimulated scattering
beams can also be examined using interference techniques. One experiment based on
that method is shown schematically in Fig. 20 [32]. In this case the parameters of the

Fig. 19. Near-ﬁeld image carried by (a) original pump beam, (b) pump beam after twice-passing through
an aberrator, and (c) backward SRWS beam after passing through the same aberrator. (From Ref. [128].)
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Fig. 20. Experiment for examining the wave-front reconstruction property of backward SBS by two-beam
interference method. The aberrator can be inserted in position A or B of the optical path (I). (From
Ref. [32].)
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pump beam were: wavelength of 532 nm, pulse duration of 10 ns, beam size of 4 mm,
and divergence angle of 1 mrad. After passing through a beamsplitter the pump
beam was divided into two beams, which were ﬁnally focused into two CS2 liquid
cells and to generate their own backward SBS separately.
The example shown in Fig. 20, can produce interferograms formed by the two
incident pump laser beams or two backward SBS beams separately. The measured
results are shown in Fig. 21 [32]. From Fig. 21(a) one can see that without placing an
aberrator, the two-pump-beam interference fringes are quite clear and regular.
However, as shown in Fig. 21(b), after one pump beam passed through an aberrator,
the interference fringes are severely deteriorated due to the aberration inﬂuence. On
the other hand, with no aberrator in the optical path, the interference fringes formed
by two backward SBS beams are still clear and regular, as shown in Fig. 21(c). This

Fig. 21. Interferograms formed by (a) two pump beams without use of an aberrator, (b) two pump beams
with the aberrator in position A of the optical path (I), (c) two backward SBS beams without use of the
aberrator, and (d) two backward SBS beams with the aberrator in position B of the optical path (I). (From
Ref. [32].)
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implies that the two backward SBS beams were good replicas of the two pump
beams when there was no induced aberration inﬂuence. If an aberrator is put in the
position B of the optical path (I), the quality of the interference fringes formed by
two SBS beams is still fairly good as shown in Fig. 21(d). This is further experimental
evidence demonstrating the aberration-correction capability of backward stimulated
scattering.
Considering the experimental results described above, we can generally conclude
that (i) without or under small aberration inﬂuence, the backward stimulated
scattering beam can be a nearly perfect replica of the incident pump beam; (ii) under
a larger aberration inﬂuence the backward stimulated scattering beam can only be an
approximate replica of the pump beam. The ﬁdelity of the reconstructed wave front
of a backward stimulated scattering beam is determined by many experimental
factors, such as the pump intensity level, pump focusing geometry, gain length, type
of scattering medium, type of scattering mechanism, frequency-shift range, and the
extent of aberration.
5.2. Theoretical explanations: quasi-collinear and nondegenerate FWM model
Though various types of backward stimulated scattering (BSS) can readily be
utilized to efﬁciently generate optical phase-conjugate waves, it has taken quite a
long time for researchers to understand the substance of these processes and to give a
clear physical explanation without invoking cumbersome mathematical treatments.
A considerable number of the early theoretical papers were published (see, for
example, Refs. [2], [135–143] and references therein). Many were based on a
phenomenological assumption that there is an exponential gain discrimination (in a
factor of 2) between the phase-conjugate portion and non-phase-conjugate portion
of BSS; as a result, only the former could get the maximum gain and be effectively
ampliﬁed in the scattering medium. However, for a long time, there was a lack of a
clear theoretical model or physical mechanism to support this assumption. Even
ignoring the confusion and discrepancies among some of these papers, most
theoretical analyses could not answer a key question: why could only the phaseconjugate portion of the BSS ﬁnally become the predominant output? For instance,
on the one hand it is known that higher pump intensity is needed to have a better
phase-conjugation ﬁdelity for backward stimulated scattering. On the other hand,
however, gain saturation will take place under these circumstances; as a result the
gain difference between these two portions should be getting smaller, and a worse
phase-conjugate ﬁdelity would be expected according to the phenomenological
assumption mentioned above. In some existing theoretical analyses both the pump
ﬁeld and BSS ﬁeld were represented by an inﬁnite series function. In those cases it
was extremely difﬁcult to obtain explicit analytical solutions for the nonlinear wave
equations.
In addition, we know well that the principle of using degenerate or nondegenerate
FWM to produce optical phase-conjugate waves (PCW) is based on the wave-front
reconstruction by induced holographic gratings in the nonlinear medium. However,
it is also known that the phase-conjugate waves can also be generated from various
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types of BSS processes no matter how different the scattering mechanisms are. The
latter fact implies that there should be a common origin that determines the phaseconjugation property of any type of BSS and should not depend on the speciﬁc
scattering mechanism. To ﬁnd out this common thing, the ﬁrst insight was made in
1977–1978 when it was suggested that the phase-conjugation nature of BSS might be
connected with a special holographic process occurring in the scattering medium
[121,122,126]. Later, in 1985–1986, a quasi-collinear FWM model was proposed to
explain the phase-conjugation property of the BSS; and this physical model was
supported by a rigorous mathematical formulation in the unfocused-beam
approximation [144,145]. According to that model, the PCW generation via any
type of BSS can be visualized as a nondegenerate or partially degenerate FWM
process: the input pump beam contains two waves (E1 and E2 ) of frequency o0 while
the BSS beam contains other two waves (E3 and E4 ) of frequency o0 : It can be
theoretically proven that under certain conditions: ðE3 þ E4 ÞpðE1 þ E2 Þ [145,32].
To explain this model more clearly, it is better to invoke Gabor’s original idea of
holograph. In that case, with a coherent light wave passing through a transparent
object (phase object), the object is assumed to be such that a considerable part of the
wave penetrates undisturbed through it, and a hologram is formed by the interference of
the secondary wave arising from the presence of the object with the strong background
wave, as clearly described in Ref. [146]. According to this principle, after passing
through a phase object, the total optical ﬁeld can be expressed as a superposition of
two portions [146]:
U ¼ U ðiÞ þ U ðsÞ ¼ AðiÞ eiji þ AðsÞ eijs ¼ eiji ½AðiÞ þ AðsÞ eiðjs ji Þ :

ð35Þ

Here, U ðiÞ is the undisturbed part of the transmitted ﬁeld, U ðsÞ is the disturbed part
arising from the presence of the object, AðiÞ and AðsÞ are their amplitude functions,
and ji and js are the corresponding phase functions.
The Gabor principle is applicable to most phase-conjugation experiments based
on BSS. In these cases, as schematically shown in Fig. 22, Eðo0 Þ is a quasi-plane

Fig. 22. Schematic illustration of the nondegenerate FWM model for the phase-conjugation formation of
backward stimulated scattering.
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pump wave. After passing through an aberration plate or a phase subject, the pump
ﬁeld manifests itself as a superposition of two portions: a stronger undisturbed wave
E1 ðo0 Þ and a weaker distorted wave E2 ðo0 Þ: These two waves interfere with each
other in a scattering (gain) medium and create an induced volume holographic
grating due to intensity-dependent refractive index changes of the medium. Only the
undisturbed pump wave E1 ðo0 Þ is strong enough to fulﬁll the threshold requirement
and to generate an initial BSS wave E3 ðo0 Þ that exhibits a regular wavefront as wave
E1 ðo0 Þ: When wave E3 ðo0 Þ passes back through the induced holographic grating
region, a diffracted wave E4 ðo0 Þ can be created. Here we see a typical holographic
wavefront-reconstruction process: the induced grating is formed by the regular
E1 ðo0 Þ wave (reference beam) and the irregular E2 ðo0 Þ wave (signal beam), the initial
backward stimulated scattering E3 ðo0 Þ is a reading beam with a regular wavefront,
and the diffracted wave E4 ðo0 Þ will be the phase-conjugate replica of the E2 ðo0 Þ
wave.
Moreover, the wave E4 ðo0 Þ will experience an ampliﬁcation with the wave E3 ðo0 Þ
together because both waves have the same scattering frequency. In the case of
stimulated Brillouin scattering, o0 Eo0 ; it is a nearly degenerate quasi-collinear
FWM process. In the case of stimulated Raman scattering, o0 > o0 ; there is a
partially degenerate and frequency down-converted FWM process. In the case of
anti-Stokes stimulated scattering, o0 oo0 ; there is a partially degenerate and
frequency up-converted FWM process. Based on the explanation described above,
one can see a common mechanism (pump ﬁeld-induced holographic grating) plays
the same role for phase-conjugation formation by using either FWM or BSS method.
This common mechanism is applicable to all types of backward stimulated scattering
processes including stimulated Brillouin, Raman, Rayleigh-wing, Kerr and other
scattering, even though the speciﬁc scattering mechanisms can be totally different for
each other.
Although there is a common ground for PCW generation via conventional FWM
or BSS, there is still a remarkable difference between these two processes. For the
former, only two waves (the signal wave and the backward diffracted wave) are
phase-conjugate to each other; however, for the latter, the sum of the two portions of
the BSS beam should be phase-conjugated to the sum of the two portions of the
input pump beam. In the next subsection it can be mathematically proven that the
latter situation can indeed be realized [145].
5.3. Mathematical treatment in unfocused-beam approximation
According to the proposed quasi-collinear and partially degenerate FWM model
of the BSS process, after passing through an aberration plate the total input pump
ﬁeld can be expressed by the sum of two portions:
Ep ðo; zÞ ¼ ½A1 ðzÞ þ A2 ðzÞeiyðzÞ eiðotþkzÞ :

ð36Þ

Here, A1 and A2 are the real amplitude functions of the undistorted portion and
the distorted portion of the pump ﬁeld, y is a phase change function, the pump ﬁeld
is propagating in the z direction, and k is the magnitude of the wave vector. For
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simplicity, we assume that the original input pump ﬁeld is an ideal monochromatic
and uniform plane wave before passing through the aberration plate. Thus A1 and
A2 are only the functions of z. Here y represents the deviation of wavefront of the
distorted portion from an ideal plane wavefront.
Based on the picture illustrated in Fig. 22, the total backward stimulated
scattering ﬁeld can also be expressed by a sum of two portions:
0

0

0

E 0 ðo0 ; zÞ ¼ ½A01 ðzÞ þ A02 ðzÞeiy ðzÞ eiðo tk zÞ :

ð37Þ

Here, A01 is a real amplitude function of the initial BSS wave (reading beam), A02 is a
real amplitude function of the diffracted wave through FWM or grating diffraction,
and y0 is the relative phase change function between the A01 and A02 waves. In Eq. (37)
it is assumed that the initial backward stimulated scattering is also an ideal plane
wave; this assumption is supported by experimental results without using an
aberration plate. In the steady-state condition, A1 ; A2 ; y and A01 ; A02 ; y0 are
independent of time t:
In a small-signal approximation, the initial BSS wave experiences an exponential
gain described by
2

A01 ðzÞ ¼ A01 ð0ÞegA1 z=2 ;

ð38Þ

where g is the exponential gain factor due to stimulated ampliﬁcation from the
scattering system.
As a result of interaction among the three waves of A1 ; A2 and A01 ; the fourth wave
of A02 can be generated through the mechanism of FWM or grating diffraction, and it
will get the further stimulated-scattering ampliﬁcation as A01 does. The wave
0
0
0
equation obeyed by the diffracted wave of E20 ¼ A02 eiy ðzÞ eiðo tk zÞ can be written as
q2 Pð3Þ
n20 ðo0 Þq2 E20
2
¼
m
;
ð39Þ
0
c2 qt2
qt2
where n0 is the linear refractive index, m0 is the permeability of free space, and Pð3Þ
2 is
the third-order nonlinear polarization contribution to the wave E20 ; which can be
expressed as
r2 E20 

0

0

0ð3Þ
0
iyðzÞ iðo tk zÞ
Pð3Þ
e
:
2 ¼ e0 we A1 A1 A2 e

ð40Þ

is a formally introduced effective third-order nonlinear susceptibility
Here, w0ð3Þ
e
value. If we only consider the gain behavior of the amplitude A02 ; w0ð3Þ
e can be viewed
00ð3Þ
00ð3Þ
as a pure imaginary quantity, i.e. w0ð3Þ
is a real quantity.
e ¼ iwe ; where we
Substituting Eq. (40) into Eq. (39) and using slowly varying amplitude approximation leads to
qA02 A02 2 0 k0 w00ð3Þ
e
þ 0r y ¼
A1 A2 A01 cos dy;
qz
2k
2
qy0
1
k0 w00ð3Þ
1
e
þ 0 ðry0 Þ2 ¼
A1 A2 A01 0 sin dy;
A2
qz 2k
2

ð41Þ

dy ¼ y  y0 :

ð42Þ

where
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In the small aberration approximation and under the high single-path gain
condition, i.e.
gA21 zb1;

ð43Þ

one can ﬁnally obtain the following approximate solutions:
A2 0
A2
2
A ðzÞ ¼ A01 ð0ÞegA1 z=2 ;
A1 1
A1
dyðzÞ ¼ yðzÞ  y0 ðzÞ ) 0;
A02 ðzÞ ¼

ð44Þ

The physical meaning of the second equation above is that while the wave A02 ðzÞ is
getting stronger through the exponential gain, its wavefront is getting closer to the
wavefront of the wave A2 :
Based on Eqs. (37), (38) and (44), the ﬁnal solution of the total backward
stimulated scattering ﬁeld is
E0 ¼

A01 ð0Þ gA2 z=2
0
0
e 1 ½A1 þ A2 eiyðzÞ eiðo tk zÞ :
A1

ð45Þ

Comparing this expression with the following expression for the total input pump
ﬁeld
Ep ¼ ½A1 þ A2 eiyðzÞ eiðotþkzÞ ;

ð46Þ

we see that the output backward stimulated scattering ﬁeld can be a phase-conjugate
replica of the input pump ﬁeld, provided that the high gain condition of Eq. (43) is
satisﬁed. In practice, this requirement can be achieved by increasing either the
effective gain length or the pump intensity level.
It should be pointed out that the theoretical treatment described above is based on
the small-aberration inﬂuence. Experimental results have shown that under a small
aberration inﬂuence, the output backward stimulated scattering can be a good
phase-conjugate wave of the input pump ﬁeld.
So far, we have not considered the inﬂuence of the difference between o and o0 or
between k and k0 on the phase-conjugation property of the BSS beam. This inﬂuence
resembles that a case when someone creates a hologram with two beams of frequency
o and then reads this hologram with another beam of frequency o0 : In this case the
size or position of the reconstructed image might be slightly changed.
Finally, the aforesaid theoretical treatment is based on the near-plane wave
approximation. However, in most experiments, the pump beams are focused into the
scattering medium. In that case we should invoke the Hermite–Gaussian beam
approximation, and the mathematical treatment will be somewhat lengthy [32].
Nevertheless, similar conclusions can be reached for the circumstance of a focused
pump ﬁeld, and the high gain of stimulated scattering is still the basic requirement.
However, in this case it can be derived that a nearly perfect phase-conjugate wave
can only be obtained for the small aberration inﬂuence; under the larger aberration
inﬂuence the ﬁdelity of wavefront reconstruction of the BSS beam will deteriorate.
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6. PCW generation via backward stimulated emission (lasing)
In many aspects, the stimulated scattering process is similar to the stimulated
emission process, as indicated in Sections 3.5 and 3.6. Therefore, it is not surprising
that under appropriate conditions, backward stimulated emission may exhibit the
same phase-conjugation property as backward stimulated scattering.
6.1. Single-pass stimulated emission from a two-photon pumped (TPP) lasing medium
In recent years, considerable effort has been devoted to developing frequencyupconversion lasers. There are two major approaches to achieve this goal: one is
based on the sequential multi-step one-photon excitation, the other on the direct
two-photon excitation. In both cases one could generate a lasing output of
wavelength shorter than the pump wavelength. A number of newly synthesized
organic dyes have allowed two-photon-pumped (TPP) cavity lasing in dye solutions
and dye-doped solid systems using various optical conﬁgurations [147–151]. In all
those cases, the single-pass gain could be so high that even without using any cavity
mirrors or window reﬂection, highly directional and frequency-upconverted
stimulated emission can be obtained in both forward and backward directions once
the input pump intensity is higher than a certain threshold level. Furthermore, it is
shown that similar to backward stimulated scattering, TPP backward stimulated
emission also possesses the property of optical phase conjugation [14,33].
As a typical example, the lasing medium can be a solution of a new dye ASPI [14].
It exhibits a strong one-photon absorption band centered at B500 nm with a 90 nm
bandwidth, but no linear absorption in the spectral range of 0.62–1.5 mm. The pump
source was a Q-switched Nd:YAG pulsed laser, which provided the laser output with
a wavelength of 1064 nm, divergence angle of B1.5 mrad, pulse width of B11 ns, and
a repetition rate of 5 Hz. The pump beam was focused via an f ¼ 20 cm lens onto the
center of a 1 cm-long liquid cell ﬁlled by the ASPI dye solution in benzyl alcohol with
a concentration of d0 ¼ 0:06 M/l. To avoid the possible TPP cavity lasing formed by
the two parallel windows of the liquid cell, the normal of the windows was tilted to
X101 with respect to the input pump beam. The peak wavelength position and the
spectral width of the stimulated emission are B616 and B11 nm, respectively.
Finally, the net energy-conversion efﬁciency from the absorbed pump energy to the
backward stimulated emission should be corrected to Z0 E10% [33].
6.2. Phase-conjugation properties of TPP backward stimulated emission
In general, the phase-conjugation property of a backward-going beam with respect
to a forward-going beam can be fully determined by comparing the far-ﬁeld and
near-ﬁeld patterns of these two beams. The same methods can also be used to
examine the phase-conjugation nature of the TPP backward stimulated emission.
Fig. 23 shows two typical experimental arrangements that can be used to measure
the far-ﬁeld pattern and the near-ﬁeld image of the backward stimulated emission
separately.
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Fig. 23. Experiment for demonstrating phase-conjugation properties of the TPP backward stimulated
emission: (a) conﬁguration for the far-ﬁeld measurement and (b) conﬁguration for the near-ﬁeld image
measurement.

In the case shown in Fig. 23(a), an aberration plate was placed in front of an
f ¼ 20 cm focusing lens. The backward stimulated emission was recollimated by the
same f ¼ 20 cm lens, passed through the aberration plate, and then focused via an
f ¼ 50 cm lens onto a display screen. In this way, the far-ﬁeld distribution of the
backward stimulated emission can be measured and recorded with a digital CCD
camera.
In another case (shown in Fig. 23(b)), the dye solution cell was a glass vial. In this
case the glass wall of the vial itself played the role of aberration plate. To
demonstrate the image-reconstruction ability of the backward stimulated emission, a
letter-printed plate, made by printing a black letter of 10 mm size on a transparent
ﬁlm, was placed between the beam splitter and the beam expander. If the backward
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stimulated emission had the phase-conjugate nature, a clear image of the letter plate
should be observed on the screen.
In an experimental arrangement as shown in Fig. 23(a), the measured divergence
angles (FWHM) for the pump beam, forward stimulated emission and backward
stimulated emission were B0.25, 0.23, and 0.23 mrad, respectively, without insertion
of an aberration plate. The corresponding far-ﬁeld distributions for these three
beams are shown in Fig. 24(a).
To test the aberration-compensation capability of backward stimulated emission,
an aberration plate was inserted in the path of the input pump beam, which was a
glass slide etched by hydroﬂuoric acid solution, and could cause either a 0.8–
0.9 mrad irregular aberration inﬂuence by one pass or a 1.6–1.8 mrad aberration
inﬂuence by two passes. The results under this condition are shown in Fig. 24(b).
These results show that, after passing back through the aberration plate, the
aberration inﬂuence is almost entirely removed from the backward stimulated

Fig. 24. Normalized far-ﬁeld intensity distributions for the input pump beam (upper), the backward
stimulated emission beam (middle), and the forward stimulated emission beam (bottom): (a) without
placing an aberrator and (b) with placing an aberrator. The display resolution is B0.07 mm or
B0.13 mrad. (From Ref. [14].)
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emission; whereas there is a remarkable aberration inﬂuence remaining in the bottom
regions of the far-ﬁeld proﬁle for forward stimulated emission.
A similar experiment was carried out based on the setup shown in Fig. 23(a), with
no aberrator in place but, replacing the dye solution-ﬁlled cuvette with a dyesolution-ﬁlled glass vial, so that the glass wall of the vial played the role of an
aberration plate. Fig. 25(a) shows the resultant far-ﬁeld pattern of the original
incident 1064 nm-pump beam with a divergence angle of B0.25 mrad. Fig. 25(b)
shows the far-ﬁeld pattern of the transmitted pump beam after passing through a
glass vial ﬁlled with pure solvent (benzyl alcohol). The beam divergence angle is
increased to 0.7 1.2 mrad, and the unsymmetrical distribution of the aberrated
pattern was due to the quasi-cylindrical shape of the wall of the glass vial. Fig. 25(c)
shows the far-ﬁeld distribution of the TPP backward stimulated emission from an
ASPI solution-ﬁlled vial at a pump level of 1.7 mJ, where the beam divergence angle
of the backward stimulated emission is B0.25 mrad and the aberration inﬂuence
from the vial’s wall is almost completely removed. Lastly, Fig. 25(d) shows the farﬁeld distribution of the forward stimulated emission from the same ASPI solution-

Fig. 25. Normalized far-ﬁeld proﬁles for (a) the input 1064 nm pump beam, (b) the transmitted pump
beam through a glass vial ﬁlled with pure solvent, (c) the backward B616 mm stimulated emission, and (d)
the forward stimulated emission from a dye-solution ﬁlled glass vial. Here 1-mm dimension corresponds to
2 mrad divergence angle. (From Ref. [33].)
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ﬁlled vial at the same pump level of 1.7 mJ, where the severe aberration inﬂuence is
rather obvious.
Another important feature is that the original image carried by the input pump
ﬁeld can be reconstructed by the backward stimulated emission beam after passing
through the aberrator or a disturbing medium. To demonstrate this feature, the
experimental setup shown in Fig. 23(b) was employed. In that case, a letter-printed
transparent ﬁlm was placed between the f ¼ 30 cm lens and the beam splitter, and
the gain sample was the same ASPI solution-ﬁlled glass vial. After reﬂection from the
beam splitter, the collimated TPP backward stimulated emission was directly
projected onto a paper screen, and then the image message recorded with an
ordinary camera.
Fig. 26(a) shows a photograph of the incident 1064 nm pump beam after passing
through the letter plate. This image is obtained by illuminating the pump beam on an
IR sensor card. Fig. 26(e) shows a photograph of the forward upconverted
stimulated emission collimated via an f ¼ 20 cm lens, the original image message
is totally lost owing to the inﬂuence of aberration from the vial wall. Fig. 26(f) shows
a photograph of the backward stimulated emission of B616 nm wavelength, where
one can see that the original image is basically reconstructed by the backward
stimulated emission after passing through the vial wall.
To compare the capability of image reconstruction for the backward stimulated
emission with that for the backward stimulated scattering, Fig. 26(b) shows a
photograph of the backward SBS from an acetone-ﬁlled glass vial. In this case, the
experimental setup was the same except that the 1064-nm pump beam was replaced
by a frequency-doubled Nd:YAG laser beam of 532 nm wavelength. In addition,
Figs. 26(c) and (d) show the forward- and backward SRS from a benzene-ﬁlled vial
at the ﬁrst-order Stokes wavelength of the 992 cm1 Raman mode pumped with the
same 532 nm laser beam. Once again, only the backward stimulated scattering shows
the image restoration capability. From that comparison one can see that these three
methods have shown nearly the same near-ﬁeld restoration performance under the
experimental conditions described above [33].
6.3. Explanations for the phase-conjugation nature of backward stimulated emission
The appropriate experimental conditions for generating backward single-pass
stimulated emission can be summarized (i) the pump beam should be a focused laser
beam, (ii) there should be a high single-pass gain in the gain medium, (iii) the
interaction length should be much longer than the beam size, and (iv) the aberration
inﬂuence should not be too large. Based on these considerations, one may realize
that the physical model and theoretical treatment used to explain the phaseconjugation property of the backward stimulated scattering are also applicable to the
case of backward stimulated emission [34].
The starting point is still the Gabor principle or the associated quasi-collinear and
nondegenerate (or partially degenerate) FWM process occurring in a TPP lasing
medium. This process is schematically shown in Fig. 27. Here, E0 ðoÞ is a quasi-plane
pump wave, and after passing through an aberration plate or a disturbing medium, it
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Fig. 26. Near-ﬁeld images carried by (a) 532 nm (or 1064 nm) input pump beam, (b) the backward
stimulated Brillouin scattering from an acetone-ﬁlled vial, (c) and (d) the forward and backward
stimulated Raman scattering from a benzene-ﬁlled vial, (e) and (f) the forward and backward two-photon
pumped stimulated emission from an ASPI dye solution-ﬁlled vial. (From Ref. [33].)

manifests itself as a superposition of two portions: a stronger, undisturbed wave
E1 ðoÞ and a weak and distorted wave E2 ðoÞ: After further passing through a
focusing lens, these two waves interfere with each other in the focal region inside the
gain medium and create an induced volume holographic grating. Only the wave
E1 ðoÞ is strong enough to fulﬁll the threshold requirement and to generate an initial
backward stimulated emission wave E3 ðo0 Þ at a new wavelength. As the E3 ðo0 Þ wave
backward passes through the induced-holographic grating region, a diffracted
wave E4 ðo0 Þ is created, which will be the phase-conjugate replica of the wave
E2 ðoÞ and undergo further ampliﬁcation together with the wave E3 ðo0 Þ: In the case
of two-photon excited stimulated emission, ooo0 , there is a partially degenerate
and frequency-upconverted FWM process. It can be theoretically proven that
under appropriate conditions, the total backward ﬁeld (E3 þ E4 ) can be the
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Fig. 27. Schematic illustration of the Gabor holographic principle and partially degenerate FWM process
associated with two-photon pumped backward stimulated emission. (From Ref. [34].)

phase-conjugate replica of the total input pump ﬁeld (E1 þ E2 ), i.e. [34]
ðE3 þ E4 ÞpðE1 þ E2 Þn :

ð47Þ

Let us consider a TPP isotropic gain medium. Assuming both of the pump ﬁeld and
the stimulated emission ﬁeld are linearly polarized along the x-axis, the pump ﬁeldinduced refractive index change experienced by the emission ﬁeld can be expressed as
Dnðo0 Þ ¼

1
wð3Þ ðo0 ; o0 ; o; oÞjEðoÞj2 ;
2n0 ðo0 Þ e

ð48Þ

ð3Þ
where n0 ðo0 Þ is the linear refractive index, wð3Þ
e ¼ wxxxx is the matrix element of the
third-order nonlinear susceptibility tensor, and EðoÞ is the amplitude function of the
incident pump ﬁeld. In the focal region inside the gain medium the local intensity of
the pump ﬁeld, Iðx; y; z; oÞpjEðx; y; z; oÞj2 ; can be very high with a spatial
characteristic intensity ﬂuctuation due to the interference between the two parts
(disturbed and undisturbed) of the pump ﬁeld. Therefore, an intensity-dependent
holographic grating can be formed based on the mechanism described by Eq. (48).
As a result, a given reading wave of frequency o0 will create a diffracted wave at the
same frequency o0 through this induced volume holographic grating inside the gain
medium.
According to the proposed physical model, the ﬁdelity of phase conjugation of the
backward-stimulated emission is dependent on the modulation depth of the induced
holographic grating, and the latter is determined by the magnitude of the induced
refractive-index change. In the case of two-photon pumped stimulated emission from
a dye solution, the induced refractive-index change can be greatly enhanced owing to
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the two-photon absorption related resonance and/or the frequency-upconverted onephoton emission related resonance.
6.4. Phase-conjugation properties of one-photon pumped backward stimulated
emission
Based on the studies described above, one would expect that a similar phaseconjugation property may also be observed for backward stimulated emission from a
one-photon pumped lasing medium, provided that the optical pump beam is a
focused laser beam and no optical cavity is involved. Indeed, there was an early
experimental report that brieﬂy described the observation of the partial phaseconjugation behavior of backward superradiance generated in a one-photon pumped
Rhodamine-6G dye solution. After backward passing through an aberration plate,
only (10–20)% of the backward superradiance exhibited the phase-conjugation
property [13].
After the discovery of the superior phase-conjugation property for the backward
stimulated emission from a two-photon pumped lasing medium, a further study on a
one-photon pumped lasing medium has been pursued under the similar experimental
condition [152]. In this case, the gain medium is a solution of a new lasing dye
Pyrromethene 597 (PM-597) or this dye-doped polymer rod, pumped by 532 nm and
nanosecond laser pulses. The experimental setup was basically the same as that
shown in Fig. 23. For both the solution sample in a regular quartz cuvette and the
rod sample in a glass vial, when the input pump energy rose above the threshold level,
one-photon-pumped highly directional and stimulated emission of B573 nm wavelength could be observed in both the forward and backward directions. This behavior
was quite similar to that observed in two-photon pumped experiments [148,150].
In order to examine the phase-conjugate property of the backward simulated
emission, an aberration plate could be placed between the beamsplitter and the
focusing lens when a dye-solution ﬁlled cuvette was used. In the case of using a dyedoped rod ﬁlled glass vial, the glass wall of the vial played the role of an aberrator.
Under these experimental conditions, the far-ﬁeld measurement results show that
most of these aberration inﬂuences are removed from the backward stimulated
emission beam rather than from the forward emission beam. Obviously, this is the
evidence of a fairly good phase-conjugate property related to the backward
stimulated emission via one-photon pumping.
6.5. Phase-conjugation via three-photon pumped backward stimulated emission
Very recently, the ﬁrst observation of three-photon pumped stimulated emission
was reported [153]. In this work the gain medium was a novel organic chromophore
(APSS) dissolved in dimethyl sulphoxide (DMSO). Upon the excitation of B1.3 mm
ultrashort pump pulses, highly directional and visible (B553 nm) stimulated
emission could be observed in both forward and backward directions. The
stimulated emission wavelength was shorter than 1/2, and longer than 1/3, of the
pump wavelength.
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A further study has shown that the similar three-photon pumped stimulated
emission can also be observed in the other chromophore (ASPI) solution in DMSO,
pumped by B1.5 mm ultrashort pulses, and the stimulated emission wavelength is
B610 nm [154].
In the latter work, the phase-conjugate property of backward stimulated emission
is demonstrated by its capability of removing the dynamic aberration inﬂuence of the
disturbing gain medium. It was experimentally found that there was a random
temporal ﬂuctuation within the beam area for forward stimulated emission, whereas
the transverse intensity distribution was more uniform and temporally stable for the
backward stimulated emission beam. The much ﬂuctuating behavior of the forward
stimulated emission can be explained considering the thermal disturbing effect
occurring in the gain region of the solution sample pumped with intense IR pulses at
1 kHz repetition rate. The three-photon absorption and subsequent molecular
radiationless transitions may cause a considerable local temperature-change, leaving
an irregular and temporally ﬂuctuated aberration inﬂuence on the forthcoming
pump and forward stimulated emission pulses. By contrast, if we assume that the
backward stimulated emission exhibits an optical phase conjugation property, the
above-mentioned thermal aberration inﬂuence might be automatically removed to a
certain extent. To prove that assumption a photodiode detector was placed in the
central region of the near-ﬁeld pattern for each of these two beams separately. The
output of this photodiode is connected with a gated integrator. Fig. 28 shows the
measured results under 1 kHz pump excitation with three different integrating rates.
From Fig. 28 one can see that the spatial and temporal ﬂuctuations for the forward
beam are obviously greater than the backward beam, and the relatively smaller
ﬂuctuation behavior of the backward stimulated emission indicates its phaseconjugation property.

7. Applications of OPC
The major requirements for OPC techniques are (i) the simplicity and compactness
of optical arrangements, (ii) a lower requirement for input (pump) beam intensity
levels, (iii) a higher energy- or intensity-conversion efﬁciency from the input pump
beam to the output phase-conjugate beam, (iv) faster temporal response of the
nonlinear medium, and (iv) a better wave-front restoration ﬁdelity for the phaseconjugate beam.
According to the above criteria, the most useful and efﬁcient methods for
generating phase-conjugate waves (PCW) seem to be backward stimulated
scattering, backward stimulated emission, four-wave mixing (FWM), and special
three-wave mixing in second-order nonlinear media.
7.1. Potentials of OPC applications
In general, OPC is a highly useful and very unique approach to exploring the
nonlinear optical properties of various materials and to investigate different physical
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Fig. 28. Intensity ﬂuctuation behavior measured by an B0.3 mm opening photodiode in the near-ﬁeld
pattern for the forward and backward stimulated emission beams at three different averaging rates. (From
Ref. [154].)
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processes occurring in those media under the action of strong coherent optical ﬁelds.
On the other hand, based on their wavefront-reconstruction or phase-distortion
compensation capability, the OPC techniques are especially useful for many different
applications [1–8,106,107].
Fig. 29 shows some distinctive examples of practical and potential applications of
phase conjugate waves.
7.1.1. Laser oscillator systems with a phase-conjugate reflector
As shown in Fig. 29(a), the rear mirror of a laser cavity is replaced by a phase
conjugate reﬂector that generates a phase-conjugate feedback wave. Comparing to
conventional laser oscillators, this design is capable of producing laser output with a
higher brightness and smaller beam divergence, because the aberration inﬂuence of
the gain medium can be automatically compensated.
7.1.2. Laser amplifier systems with a phase-conjugate reflector
It is known that the dimensions of the gain medium in a laser ampliﬁer are
considerably larger than that in a laser oscillator. A larger volume of the gain
medium usually yields a greater aberration inﬂuence on the lasing beam. For this
reason the divergence and brightness of the output beam from the ampliﬁer will be
limited by the optical quality of the gain medium itself. If we adopt a phase
conjugate reﬂector in connection with the ampliﬁer and let the reﬂected laser beam
backward pass through the amplifying medium once again, as shown in Fig. 29(b),
the aberration inﬂuence from the gain medium will be removed, and a highbrightness output laser beam can be obtained.
7.1.3. Laser target-aiming and auto-focusing systems
Another special application of optical phase conjugate waves is related to laserbased target-aiming systems. The principles of these systems are schematically shown
in Fig. 29(c) and (d). For the case shown in Fig. 29(c), the lasing medium emits a
superradiant emission beam that exhibits a larger beam divergence and can easily
cover the target, the partially reﬂected beam from the target surface can pass through
the lasing medium twice with the use of a phase-conjugate reﬂector. After two-pass
ampliﬁcation the high-power and backward output laser beam will be focused
automatically on the target. This kind of technique can be applied for those
purposes, such as laser fusion reaction, laser trapping, laser-based rangeﬁnder, lidar,
laser target locking, and laser microfabrication.
7.1.4. Laser weapon systems
Laser target-aiming principle can be perfectly applied to laser weapon systems for
destroying either static or high-speed ﬂying targets. A similar but modiﬁed design is
shown in Fig. 29(d), where an auxiliary low-power laser device is to provide a broad
illumination beam to cover the target, so that the partially reﬂected beam from the
target surface will pass through a laser ampliﬁer twice by invoking a phase-conjugate
reﬂector. In this case, the aberration inﬂuences from irregularity of the target
surface, from inhomogeneity of the gain medium, and from disturbance in
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Fig. 29. (a) High-brightness laser oscillator with a phase conjugate reﬂector as the rear cavity-reﬂector, (b)
high-brightness two-pass laser ampliﬁer with a phase conjugate reﬂector, (c) laser target-aiming and autofocusing system, (d) laser target-aiming and weapon system, (e) laser identiﬁcation and rescue system.

transmission medium can be automatically removed, and the total energy of the
ampliﬁed laser beam can be efﬁciently focused on the target to destroy it.
7.1.5. Laser identification and rescue systems
A suggested laser-based friend-or-foe identiﬁcation system is schematically shown
in Fig. 29(e), in which a cooperative lasing material-made target is equipped on an
aircraft, a warship, or an armored vehicle. Utilizing a laser aiming system to search
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this cooperative target and then focusing the pump laser beam on it, the induced
backward and phase-conjugate stimulated emission beam with special wavelength
will go back to the laser searching system, to be detected and identiﬁed. Obviously,
this technique can also be used for rescue of military persons when a radio-silence
has to be kept.
7.2. Some examples of OPC application studies
In this subsection we shall give some speciﬁc examples of OPC application studies.
7.2.1. Laser oscillator/amplifier systems using stimulated Brillouin scattering mirror
Stimulated Brillouin scattering (SBS) [155–159] is the most efﬁcient technique
applied to laser oscillator/ampliﬁer systems, to provide phase-conjugate feedback
and to compensate the aberration inﬂuence of lasing media. As the frequency-shift of
SBS is much less than the gain width of a given lasing medium, the reﬂected phaseconjugate beam can be effectively ampliﬁed. In fact, a Brillouin cell plays the role of
phase-conjugate mirror. The cell may contain a transparent liquid (such as CS2,
CCl4, acetone, n-hexane, cyclohexane, Freon) system, or a high-pressure gas (such as
SF6, CH4, N2) system. The nonlinear reﬂectivity can be higher than 70–80%.
7.2.2. OPC-associate nonlinear spectroscopy
Four-wave mixing based OPC [100,160–163] can be employed as a novel
spectroscopic method to investigate the energy state structure, spectral width, and
population relaxation of a given resonant nonlinear medium.
7.2.3. OPC-associate phase-locking
Photorefractive crystal based OPC elements, such as the so-called double
phase-conjugate mirror, can be utilized to couple two separate laser systems and
to keep a synchronized phase relationship between them [164–169]. The laser phaselocking can also be implemented using Brillouin-enhanced FWM method [56]. In
addition, the OPC technique is also specially useful for two-beam optical trapping
purpose [170].
7.2.4. OPC-associate interferometry
Combining OPC technique with the conventional interferometry [171,172] may
provide at least two beneﬁts. One is making the rigorous optical alignment much
easier, the other is reducing the environmental disturbance on the measurements.
7.2.5. OPC-associated optical data processing
OPC technique [173–178] will be more useful for optical data recording/reading
[173,174], transmission through disturbing medium [96,175,176], memories [177],
and ﬁltering [178].
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7.3. Midway OPC for fiber communication systems
In regard to recent OPC applications, the most signiﬁcant breakthrough is the
adoption of OPC in upgraded long-distance optical ﬁber communication systems. It
is well known that to achieve high-bit-rate data transmission through a super-long
optical ﬁber network, the following two requirements are essentially important.
First, suitable optical wavelengths should be chosen at which the transmission loss in
the ﬁber network is minimized. Second, an appropriate multichannel mechanism
should be employed, either in wavelength-division multiplexing (WDM) or timedivision multiplexing (TDM) regime. To meet the ﬁrst requirement, the wavelengths
of optical carrier wave are usually chosen either in B1.3 or in 1.5 mm region where
two windows of transmission loss are located. Concerning the second requirement,
however, there are two major limitations imposed on the transmission bit-rate as
well as the transmission distance via an optical ﬁber network. The ﬁrst limitation
comes from the so-called chromatic dispersion or group-velocity dispersion (GVD)
effect that means the optical pulses having different spectral components exhibit
different propagation velocities along a ﬁber transmission system. Because of this
effect, an ultra-short optical pulse, which contains multi-spectral-components within
a considerable spectral width, will become broader in time-scale during propagation
within a long ﬁber system. For this reason, the temporal spacing between two
adjacent optical pulses cannot be less than a certain value for a given ﬁber length,
and the transmission bit-rate is limited. The chromatic dispersion of an optical ﬁber
system is deﬁned as [179]
"
  #


1 dt 1 d
Ll2s db
l2s d2 b
DðlÞ ¼
¼

;
ð49Þ
¼
L dl L dl 2pc dl ls
2pc dl2 ls
where t is the time delay for an optical pulse propagating in a single-mode ﬁber of
length L; b is the propagation constant of the ﬁber, ls is the central wavelength of the
optical signal, and c is the speed of light. For most standard single-mode ﬁbers the
zero-dispersion wavelength is l0 E1:3 mm at which Dðl0 ÞE0; in a signal wavelength
region of ls E1:5 mm the chromatic dispersion Dðls ÞEð15218Þ ps/km/nm. The
chromatic-dispersion-limited transmission distance over this type of ﬁber (for a 1-dB
penalty) is given by [180]
B2 LD6500 ðGbit=sÞ2 km:

ð50Þ

Here B is the bit-rate and L is the ﬁber length. The limit, for example, is B65 km at a
bit-rate of 10 Gbit/s.
In addition to the limitation from chromatic dispersion, there is another limitation
that is related to the spectral broadening of optical pulses propagating in a ﬁber
system. It is known that an optical ﬁber is a good third-order nonlinear medium, in
which many nonlinear optical effects can easily take place. Among these effects, the
light-intensity dependent refractive-index change may produce self-modulation of an
intense short light pulse during its propagation in the ﬁber system. Sequentially, this
self-modulation effect leads to a spectral self-broadening of the given light pulse.
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Some other nonlinear processes, such as four-wave mixing or stimulated scattering
may also produce new spectral components or cause further spectral broadening.
This kind of spectral broadening may degrade the quality of signal transmission and
particularly impose a limitation on the minimum spectral spacing between two
adjacent channels in a ﬁber communication system adopting WDM regime.
The latest development of optical ﬁber communication technology in the recent 10
years has shown that the optical phase conjugation (OPC) technique can be
successfully employed to overcome the limitations from chromatic dispersion and selfmodulation (spectral self-broadening) respectively. In this case a special optical phaseconjugator is placed in the middle of two identical single-mode ﬁber transmission
systems, which generates phase-conjugate waves of the input signal waves with an
inverse spectral structure. This special technique adopted for ﬁber communications is
called ‘‘midway optical phase conjugation (MOPC)’’ or ‘‘mid-span spectral inversion
(MSSI). The principle of this technique is based on the theoretical proposal reported
by Yariv et al. in 1979 [181]. In this proposal a midway phase-conjugator is placed
between two identical ﬁber systems and to generate a phase conjugate wave at
frequency opc ¼ ðo0  OÞ with respect to the input signal wave of frequency os ¼
ðo0 þ OÞ: It was theoretically proven that in this speciﬁc case, the chromatic
dispersion and self-modulation inﬂuence from the ﬁrst ﬁber system on the optical
signal could be compensated by that from the second ﬁber system. In that original
paper the midway phase-conjugator was suggested to be working with the method of
backward nondegenerate FWM under the following condition: 2o0 ¼ os þ opc ¼
ðo0 þ OÞ þ ðo0  OÞ; where o0 was the frequency of two counter-propagating pump
beams. In 1992, Inoue reinvestigated this issue theoretically and suggested the use of
forward nondegenerate FWM in an optical ﬁber as a new approach of midway phaseconjugation [182]. To fulﬁll the phase-matching requirement of FWM, it was also
suggested that o0 ; os and opc should be chosen working in the spectral region near to
zero-dispersion wavelength. The ﬁrst experimental demonstration of MSSI in a
dispersion-shifted ﬁber section using forward FWM was reported in 1993 by
Watanabe et al. [183] and subsequently by Jopson et al. [184].
Fig. 30 shows a schematic of an optical ﬁber communication system containing
two identical signal-mode ﬁber spans with a midway optical phase-conjugator,
as well as the compensation of chromatic dispersion and spectral broadening by
MSSI technique. For simplicity, the assumed input light pulse has an original
Fourier-transform limited spectrum distribution with the central frequency located
at ðo0  OÞ: During its propagation over the ﬁrst ﬁber span, the pulse envelope
gradually broadens due to GVD dispersion, as shown in Fig. 30(b), while its
spectrum becomes distorted and broadened owing to self-modulation, as shown
in Fig. 30(c). After a midway phase-conjugator, the phase-conjugate pulse is
generated at a new central frequency ðo0 þ OÞ with an inverse spectrum distribution
related to that of the signal pulse. Assuming the red-end spectral-components of the
signal pulse propagate faster in the ﬁrst ﬁber span than the blue-end, then after
passing through a midway phase-conjugator, the red-end components of the signal
pulse are converted into the blue-end components of the phase-conjugated pulse and,
therefore, will propagate slower in the second ﬁber span. For that reason, the
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Fig. 30. (a) Schematic diagram showing midway optical phase conjugation (mid-span spectral inversion)
between two long spans of single-mode ﬁbers, (b) waveform changes of the input signal pulse and output
phase-conjugate pulse, (c) spectrum changes of the input signal pulses and output phase-conjugate
pulse.

chromatic dispersion inﬂuences from two ﬁber spans can be cancelled from each
other. One may readily realize that the nonlinear self-modulation related spectral
broadening inﬂuence can also be compensated because of the forward phaseconjugation nature. As we mentioned in Section 3.4, two technical approaches can
be used to generate forward PCW with spectral inversion: one is FWM in a thirdorder ðwð3Þ Þ nonlinear medium, and the other is three-wave mixing in a second-order
ðwð2Þ Þ nonlinear medium. As indicated in Fig. 30(a), the pump frequency should be
op ¼ o0 in the former case, whereas op ¼ 2o0 in the latter case. In both cases, the
frequency detuning O from o0 value should be small.
In practice three types of nonlinear media have been employed for MSSI
purpose.
7.3.1. Dispersion-shifted fiber (DSF) systems
The most adopted optical ﬁbers for long-distance transmission purpose are
conventional single-mode standard ﬁbers with their zero-dispersion wavelength
located in B1.3 mm region. However, the most commonly adopted optical
wavelengths are chosen in B1.5 mm region because of the low propagation losses
and the capability of using erbium-doped ﬁber ampliﬁer in this spectral region. In
order to achieve efﬁcient nondegenerate FWM for MSSI purpose, the so-called
dispersion-shifted ﬁber (DSF) [185–192] can be employed as the nonlinear medium,
in which the zero-dispersion wavelength is shifted to the B1.5 mm region. In practice
the ﬁber length used for optical phase-conjugator usually ranges from several km to
several tens of km.
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7.3.2. Semiconductor optical amplifier (SOA) systems
As mentioned in Section 4.3, FWM may efﬁciently take place in optically pumped
lasing media because of their higher effective wð3Þ values. Under those circumstances
a higher phase-conjugate output power could be obtained due to the additional
simulated amplifying effect. In practice, both the semiconductor optical ampliﬁers
(SOA) [193–198] and semiconductor lasers [199,200] could be employed as midway
phase-conjugators for MSSI purpose.
7.3.3. Second-order nonlinear waveguide systems
The advantages of using three-wave mixing in a second-order nonlinear medium
to generate forward PCW with spectral inversion are the high efﬁciency and the
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compactness of devices. In practice, a periodically poled LiNbO3 waveguide has been
adopted as a midway phase-conjugator for MSSI performance [201,202]. The
employed mechanism is the cascaded wð2Þ processes.
Fig. 31 shows schematically the basic components of a generalized midway optical
phase-conjugator in a complete modern optical ﬁber communication system. As
shown in Fig. 31(b), after propagating over the ﬁrst transmission ﬁber span, the
distorted signal pulses pass through an erbium-doped ﬁber ampliﬁer (EDFA) and a
band-pass ﬁlter (BPF) then enter the nonlinear medium for wave-mixing. In the
mean time, the pump light usually from a semiconductor laser or ﬁber distributed
feedback laser is launched into the same nonlinear medium through a ﬁber coupler.
After completion of four-wave or three-wave mixing, the newly generated phaseconjugate output passes through another BPF and EDFA then enters the second
transmission ﬁber span.
Based on MOPC or MSSI technique, the data-transmission rate and distance
through optical ﬁber links can be signiﬁcantly increase. For example, at 10 Gbit/s
bit-rate the transmission distance through two standard single-mode ﬁber spans has
been increased to 200 km using FWM in a semiconductor optical ampliﬁer (SOA)
[203] or 560 km using FWM in a 7.8 km dispersion-shifted ﬁber (DSF) [204]. At
40 Gbit/s and with a SOA-based phase-conjugator, the ﬁber transmission distance
could be up to 204 km [205]. Furthermore, at an ultra-high bit-rate for 80 Gbit/s, the
distance could be up to 106 km using a SOA-based phase-conjugator [206,207].
Finally, it should be noted that the same MOPC principle can also be employed in
the future ﬁber soliton communication systems to improve the optical data
transmission rate and quality [208–211].
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