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PHASE CONJUGATE OPTICS AND ITS POTENTIAL APPLICATIONS

Viu Cunkai and Pan Jumyin

Abstract: In this paper the principles. prospects and
potential applications of phase conjugate optics, in
particular degenerate four-wave mixing, are reviewed.

1. Introduction

It has long been clearly understood that a phase-distorted wave~plane

may be completely compensated by its own phase conjugate wavep lane. This
situation may be simply illustrated by Fig. 1.* If a theoretical plane wave is
propagated through a phase-distorting medim its wave-plane will be distorted
as shown in Fig. I(&). If this distorted wave-plane is then reflected by a
conventional mirror back through the phase-distorting medium, the result will
be a wave-plane with twice the distortion, as shown in Fig. 1(b). Then if
the conventional reflecting mirror is replaced by a nonlineam reflecting

mirror, as a result of the nonlinear effect, the reflected wave-p 3ane will
become the phase conjugate, of the incideint wave-oplame, and so, when this
reflected wave-plane is reflected back thrco the phase-distorting mnedium
once again, it will undergo Cowie"e sorestiono as shown in Fig. 1(c).

Clearly, such phase conjugate techoiqme are of great practical
significance in the fields of iafetemo I's sing i inatmam stompg
and retrieval of infirmtiona nd in particlar in teimologies Concerned with



---

torrcti 'T.AtIdpheric distortion or phase distortion caused by optical

chaii. "*.t ii: the most convenient way to obtain a phe conjugate
wave-pllSw' ,

... "( C) C2)

(3)

(4)U
Fig. 1. Wave-plane distortion and

nonlinear phase conjugate
compensation process.

Key: (1) Plane wave; (2) Distorting
medium; (3) Conventional reflecting mirror;
(4) Nonlinear reflecting mirror.

2. Phase Conjugate Wave Generation Methods

As early as 1972, B. Ya. Zel'bovich et al. [1] discovered the phase

conjugate relationship between the wave-planes of stimulated Brillouin

scattered backward waves and excited waves. Later they also discovered that

stimulated Ramn scattered backward waves aId excited waves were in a phase

conjugate relationship [2]. However, because of the Stokes' back-scattering

generated in the stimIulated Rammn scattering and because the incident excited

wave exhibited an oscillator quaitum energy frequency shift, the conjugate

relationship was missing one phase factor.

Where KL and Ks are the wave vectors of the excited wave and the scattered
wave respectively; q Ski, ends are the angular spectra of the excited wave.
However, since "k < (snrally spoaking, the Raman scattering oscillator
energy 43 0 CE), tan ,,Eu-4(--Ju. /h.,*hZ3 . 1. In fact, strictly
speaking, in stiiuatod scattering, only the fowar-scattered wave and the
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back-scattered wave have a phase conjugate relationship [3]. Blcause the

Brillouin phonon energy is very low ((10 c), in cases of stimulated Brillouin

scattering, it may be considered that the back-scattered wave and the excited

wave have a phase conjugate relationship. In fact it is because of this

characteristic of phase conjugation that the directivity of the stimulated

back-scattered wave clearly changes with a consequent large increase in the

brilliance. In 1976 while working on the optic fiber transmission of three

dimensional images, A. Yariv [4] proposed the use of three-wave mixing to

obtain the phase conjugate of the original wave. In 1977 R. W. Hellwarth (S]

proposed the use of degenerate four-wave mixing to obtain the phase conjugate

of the incident wave, and, by using a C2 transparent liquid madium,
demonstrated experimentally this characteristic of phase conjugation. In 1977

C. V. Heer and P. P. McManamon [6] demonstrated the phase conjugate characteristic

of the optical echo.

However, at present, the most promising and the most accepted method of

obtaining the phase conjugate of an incident wave is the technique using

four-wave mixing. This paper will briefly elaborate on the prospects, operating

principles and potential applications of four-wave mixing phase conjugate
optical research.

3. The Operating Principles of Degenerate Pour-Wave Mixing

After Hellwarth et al. [5-7] made the first observations of the degenerate
four-wave mixing effect in a Kerr nonlinear liquid medium CS2, many laboratories
have carried out research into the degenerate four-wave mixing effect in

transparent media and in resonant or near-resonant absorbers [8-163.

Yariv [17-18] and Hellwarth [193 carried out detailed analysis of the

operating characteristics of degenerate four-wave mixing. We will now explain

only the basic theory. Pig. 2 shows the geometry of each beam in a four-wave

mixing process.

iS
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Fig. 2. Basic geometry of degenerate
four-wave mixing.

Key: (1) Nonlinear sedium.

With plane waves, the electric field of each wave say be shown by the formla:

Er, t) ,(r)ep(wj- r)+C.C.

where Aicr) is the resonance aiplitude. In Fig. 2, A, and A2 are non-depleted

pusp waves: A, is a retroflected wave; A4 is an incident wave; the length of

the nonlinear modium is L.

According to nonlinear polarization theory, the strength of the induced

polarization in a nonlinear medium is

pN(, -+,-ua )

T xA1AuA94:zp 0(.af+ws-t)l

- (k1-k3-k1 ) .03,

As cam be seem from this formla for the strength of the induced polarization, if

0 1 42 a a. md if the two waves ae propagated in opposite directions, then

kI  k 2 a 0. end them, if4 a as them *3 w a. ed k$ 4 . This deostrates
that the frequency of all tow waves In four-wave mixing is t, and the direction

of plrop~tio of the wams jumrated is opposite to that of the incident object

wave. This type of four-wave mixing is thereftre degenerate fost-wave mixing.
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Now if

then scA:, • The significance of this is that in degenerate four-wave

mixing, the retroflected wave A3 and the incident object wave A4 are in a

phase conjugate relationship. This process may be set up as a real-time

holographic process as shown in Fig. 3. In the process of holographic

recording, thq signal beam A4 and the reference beam A, are projected at a

certain angle upon the holographic plate.

(1)3 * (12) %u+

Fig. 3. Real-time holography.

-e: (1) Recording on the holographic
plate; (2) Reproducing the hologram.

The holographic plate transparency function is

If the reproducing illumination beam is A2 + Al, then propagated in the

opposite direction to beam q'.will be the diffraction field

-(1 Is+ IA&I' 2)+(Q%'

We are not interested in the fact that the first term of this formala is

proportional to the Incident field A*, aA the second term (Al) A4 , ha a
phase factor e [-4(2,-k.).c), in the thick holographic plate, and

therefore as this is a nmm-phaso:mtchod tern, it has no radiation; the term

in which we are interested is

S



This is in fact the conjugate of the original object wave A4 . This

reproduction wave is very similar to the preceding discussion concerning

nonlinear polarization strength.

To find the resonance amplitude A3 of the backward conjugate wave, we may

use standard nonlinear optic methods. We may substitute the nonlinear induced

polarization strength pNL in the equation of wave notion

VxVXN+* 82B_ 4w go P.V&

In non-pump-depletion and heat insulated approximations

we may derive the equation for the A3 and AZ coupled wave:

dA:

Assuming the wave A4 is propagated in direction Z, the coefficient of coupling

in the formula is

- w

in which I is the strength of the pump wave; a is the refraction index of the

medium. Under certain boundary conditions, if we try to obtain the equation

for the coupled wave, we can obtain strict values for A3 and A*, and thus we

can obtain the nonlinear index of refraction as
At- (o)!' I . ... ...

and the nonlinear rf.ecti@o index and I'sml of the nonlinear sodium and the

square of the effective length of the medium will be proportional. For

further details refer to bibliography C17] and [19].

In mose mount absorbers we mat take into consideration the

interaction of the radiation field end the ateomc system. Now because puW

6
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saturation effect, transverse relaxation time and longitudinal relaxation

time of the energy level, the pump bean and detuning in the center of the
spectral lines of the absoebor all have an effect, handling absorbent media is

somewhat no" complicated. The reader may refer to bibliography [20] and [21].
In bibliography (21], we derived even stricter results.

In the above discussion of theoretical processes, whether degenerate t
four-wave mixing of three-wave mixing (stimulated Brillouin scattering and
stimulated Raman scattering), we have considered the pump wave to be stable

and have assumed it to be a constant. This is appropriate in small-signal
approximations. However, in reality, the signal beam undergoes conversion in

nonlinear coupling with the pump beam. Thus, generally speaking, the pump

wave should not be considered a constant, particularly when generating a

backward wave oscillation. In such conditions, we should consider large-signal

theory. Recently H. Hsu [22] has derived a large-signal theory for degenerate

four-wave mixing. In small-signal approximations, three-wave mixing and

four-wave mixing have no major differences. But in large-signal theory, we

obtain different results.

4. Applications

Although the history of the four-wave mixing effect is not yet three years

old, the tentative applications that have already been proposed are rich and

varied. Here we will emphasize applications in the field of coherent optical

adaptive technology only.

1. Coherent optical adaptive technology applications [23]

So-called coherent optical adaptive technology (COAT) consists of using

a number of system to adjust the wave-planes of transmitted beaus of light

to coapensate the phase distortion caused in optical channels (both atmospheric

and optical chaining). The mst hopeful methods of these applications are
stimulated B1illoun back-scattering and degenerate four-wave mixing.

To correct the wove-plame of an excited wave that has passed through the

atmaphere, we M select the mthod shM in P11. 4. When an uncorrected

optic" pulse is pOjectd onto a targ it is tiflected back diffusely by

JP - ,.. i -



the target. This back-pulse then passes through a distorting medium and

reaches the receiver as a wave-plane with aberrations. By using a nonlinear

phase conjugate device to generate the phase conjugate of this wave-plane

having aberrations, after coherent amplification and raising to the required

power level, this phase conjugate pulse may be propagated through the

atmosphere once again, and its phase coherence will be restored, thus focusing

the entire bean. The return pulse from a distant target is very weak. The

significance of this is that particularly high gain systems are required to

overcome the loss. Several years ago, laser fusion systems were developing

high gain techniques to handle 1.06 microns and 10.6 microns. Now they can

achieve gain of approximately 60 decibels.

('1)()

((4)

Fig. 4. Using nonlinear phase conjugates
to correct atmospheric distortion.

Key: (1) Oscillator; (2) Coherent amplification
gain; (3) Diffuse reflection; (4) Nonlinear
phase conjugate.

The system shown in Fig. S may be selected to correct the wave-plam

distortion in a laser amplifier chain. The pulse emitted from the oscillator

passes through a power aplifier chain and is propagated in the diretion of

the target. The diffuse reflected beam from the target passes through the

amplifier chain and is distorted. The beau with distorted wave-plane passes

through small-signal amplification and genrtes a conjugate reflected beam in

the nonlinear phase conjugate device. This reflected beam is propagated in the

same direction as the incident beam and the aberrations are compensated. The

first pulse projected towards the target is called the illumination pulse (in

this case the high-gain amplifier systea is not functioning, using only the

lasr pulse of the oscillator), and the diffuse pulse reflected back is the

corrected pulse. So long as then is no clear dage in the medium forming
the optical path dnIrng the time that the corrected pulse is being reflected

(be otwee lO3 and 106 soconds approximtely)-, this comp'asation will be

["I.~ , ,,.. "  ,, ' ,, m ,,, ).,,-o, ,. , ,
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complete. In principle we must ensure that the conditions of the amplifier gain

and the activation of the medium do not change during the round-trip time of

the corrected pulse. If required, this method may be used to generate a

periodic pulse chain and each preceding corrected pulse may serve as the

subsequent probe pulse.

In addition, intracavity degenerate four-wave mixing techniques may be

used to enhance wave-planes propagated by a laser [16]. Yariv et al. [24] have

used the four-wave mixing method to compensate color scattering in fiber optic

transmission.

r I MRIX

Fig. S. Basic geometry for using nonlinear
phase conjugate waves to correct
atmospheric and laser induced distortion.

Key: (1) Illuminator pulse; (2) Scattered return
pulse; (3) Corrected pulse; (4) Target; (S)
Atmosphere; (6) Power amplification; (7) Primary
resonator; (8) Snall-signal amplification; (9)
Phase conjugate reflecting device.

2. Other applications

1. Ultra-high-speed optical gating

Because three of the four waves in the above-mentioned four-wave mixing

process are incident waves, any one of these three waves may be blocked and the

retroflected wave will fade. There is a relationship between the response time

and the relaxation time of the nonlinear medium (in the case of an absorber,

this is the life of the excited state and in the case of a transparent medium,

9
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this is the time taken by the induced polarization to assume a direction). In

the case of a transparent medium and a number of large-molecular absorbers, this

response time is very short. For this reason, this technology may be used to

develop ultra-high-speed optical gating. Bloom et al. [25] have discussed

this technology.

2. Two-photon spectroscopy

In four-wave mixing, when a nondepleted pump beam is propagated in the

opposite direction, the geometry uses the method of Doppler-free broadening

from two-photon spectroscopy. In the case of one-photon, the transparent

medium absorbs one photon from each beam and is excited to the two-photon

absorbing highly excited state. When fluorescent quantum efficiency is low,

and the nonlinear polarization of the medium is xM (in conventional

two-photon fluorescent spectroscopy, the level of fluorescence and X(3 are

proportional, and the nonlinear reflectivity of degenerate four-wave mixing

and IX11 are proportional) using the degenerate four-wave mixing method to

research Doppler-free broadening of two-photon spectroscopy is very effective

[261. We have observed two-photon resonance-enhanced degenerate four-wave

mixing [27]. Using an Nd 3+: YAG tuned Q 1.06 micron laser and a 5 x 10-4 gram

molecule density medium such as a ruby light 6G alcohol solution, with a

length of 5 millimeters and a pump intensity of 71 millijoules, the nonlinear

reflectivity can reach 14%. This technology provides yet another path for

the development of highly excited states [28].

3. Measuring impurity migration

Hamilton et al. [29] used degenerate four-wave mixing technology to

This is because incident light has a fixed polarizability. The direction of

polarization of the backward reflected wave is in the opposite direction to

that of the incident object wave. If turning of the plane of polarization

should occur, there will be a relationship between the turn angle and the

migration speed. Thus if this turn angle can be measured, the migration

speed my be conveniently obtained.

10
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4. Ultra-narrow-band filters

In the case of resonant absorbers, particularly atomic gas media which

have very narrow absorption lines, in degenerate four-wave mixing, the resonance
gain effect is very sensitive to wave-length change. Hence if we are using a

narrow spectrum resonant absorber, and if the incident object wave has a fixed

bandwidth, only that radiation falling within the atomic absorption bandwidth
will exhibit clear resonance gain. For this reason, even if the incident

object wave has a broad spectral distribution, the backward reflected wave

will have only the narrow spectrum of the atomic absorption. D. M. Pepper and

W. L. Abrams [30], and J. Nilsen and A. Yariv [31] analyzed applications of

this near-degenerate four-wave mixing effect in narrow band filters. This

type of filter has a large field of view and may serve ;as a gain filter. In

addition the conjugate characteristics of the output field may be used to

increase the signal-to-noise ratio. The maximumi bandwidth of this type of

filter is that of the excited laser itself.

5. Measuring the third-order polarization index of a medium

There is a relationship between the third-order polarization index of a

medium and many nonlinear optical effects such as stimulated Raman scattering,
two-photon absorption, coherent anti-Stokes' scattering, third-harmonic tumedI
waves, and four-wave mixing. Thus the precise measurement of the third-order

polarization index X(3 i's very important, and yet, although all kinds of

methods have already been proposed to measure this [32], the results produced
by the different methods differ greatly, and the accuracy of measurement

generally is not high. Since we know that in degenerate four-wave mixing, the

nonlinear reflectivity and 9z'1 are proportional, we may establish the

third-order polarization index of the medium by measuring the nonlinear

reflectivity. We have used this method to measure the third-order polarization

index of my transparent liquid and glass media [33]. By using this method,
we can, in principle, obtain higher accuracies.

6. Other applications

In degenerate four-wave mixing, A1I is the nondepleted reference wave,
A4 is the object wave, and A 2 is the reproduction wave. The nonlinear mediu
=ast act on A1I and A4 siultaneously before there cmn be a nonlinear coupling



effect. Clearly if the delay times of A, and A4 are changed, and these two

pulses overlap the nonlinear medium at different moments, the output intensity

of the backward wave will be consequently changed. We may therefore compute

the ultra-short incident pulse width by measuring the change in the backward wave

intensity. This is another autocorrelation technique, and although it is

comparable to frequency-doubling methods normally adopted, it can provide

higher efficiencies (a medium with a sufficiently high third-order nonlinear

polarization index must be selected together with appropriate geometry).

If the medium is an absorber, and if the delay time of A2 is changed,

we may measure the high-excitation-state life-time of the resonant absorber.

This technique is particularly suitable for macroolecular research into very

short lifetime excited states.

In addition, if the frequencies of all four waves in degenerate four-wave

mixing are equal, in practice we may remove the degenerate component. If we

let 1 W , then 3 =w 1 + 2 -(a4 a + 2. This demonstrates that we may

use W2 to reproduce information recorded by a1. From the standpoint of the

set-up angle of real-time holography, this is very well understood. Moreover,

the phase conjugate characteristic enables this method to yield reproduced

images of high resolution. Clearly we may use this technique to achieve

nonlinear frequency change and infrared image conversion [34].

If we let 0 1 - W 4  a Ws, in which ws is the normal resonant frequency

of the medium and w2 a 1, then, in this case, i 3 - i 1 + i s and the backward

reflected wave will correspond to the anti-Stokes' frequency. This

non-degenerate four-wave mixing technique is very similar to coherent

anti-Stokes' scattering. However using this technique utilizes the pump beam

more efficiently and can isolate an interference signal better.

H. Hsu proposed the use of nonlinear reflecting mirors in the collecting

of solar energy, to control the precise position of energy collectors on the

ground. This system may also be used in the precision tracking of flying

targets [35].

There are two characteristics of phase conjugate mirrors (POI): the

first is that they can suply the phase conjugate reflected beam of an incident

12



beam, and the second is that the reflected beam is the backward beam of the

incident beam. PCMs may serve as one of the reflecting mirrors in a laser

oscillator. Because an oscillator incorporating this type of mirror has

particular superiority and stability [36], a laser propagated in a cavity will

interact with the stable activation area of a laser medium and will influence

the automatic compensation of phase distortion in the medium. We may thus

hope to achieve high brilliance laser output in high energy pump states.

1

;I

I

.. . . . ' . . . , ... .. ., . ' 
- '

"



Bibliography

1. Zel'dovich, B. Ya., et al., Letters to the Editors, ZhETF IS, 106
(1972).

2. Zel'dovich, B. Ya., et &I., Letters to the Editors, ZhETF 25, 41
(1977).

3. Wu Camkai et al., Acts Phzsica Sinica, 1980, No. 5, S88.
Fan Junyin et al., L-aer journal, 1980, No. 3, 14.

(5] IL W. RIwarth; JOIA., 1, ., 1.
(6] 0. V. am. P. P. MWWAMM; O0. robmu.

1. A 4.
E73 & M. zrn, R. w. HOUMlA; ,L.PiP

Zdff., 19?7, 3. 266.
EI] D. M. Mom, G. C. B3.ktwd; 403. PhO.

t". L 5 .

9. D. N. Pepper et al., opt. Lett., 1978, 3, 7 [Translator's note: the
page number of this reference was incorrect in the original].

A. Yariv et al., Apl. Phys. Lett., 1978, 32, 63S [Translator's note:

the page number of this reference was also incorrect in the original].

(10] T. AsYnm a d.; op. La., IM7.4. 43.
M1 DM. PsPjat dL; d L PW- YA.. IM, 83

41.

(1n] D. M. Dm ad.; 01. Z&., 19I8, 2,.
P. P. Ad.; AWL FIL ZL, 1 s, .OlL
P. P. 14@& D. Ms. Nq OP. ZAW. Ia.L & I

13. Wu Cunkai et al., Laser Journal, 1979, 6, No. 3, 12.

Ku Cumkai et al., t- Physica Snica, 1980, 29, 936.

Wu Cunkai et i., TA tI Ph"sIC. sinca, 1980, 29, 305.

Z1. L -a ma &;91LZ3.. ISM & U.

-S

467.

183 A. Taty% D. 3. Qm a Zi., 17. L14,

480.

DCM L W. dhm~wktb ZU 1. QumL JbW.r. lI
e-il 101.

21. Pn Jtmyin et al., Acta Physica Sinica, 1980, 29, 897.

CM L R AWL Py Zo. M.3S, SOL.

C33 w. wa. CA AWWWO6. M at o.
A. TI d l d..Zd" 9UM 4. M

14



(253 D. M De *uI.; 'qIbigmpan OpmGauq
and W.,nm CbmjvMgMum by 1Fzam,,a
Miziag, ?ne. of dos Frst Tipio1 Making aAims Pbham@Mm C. V. SaulkI Pe.

lof. sba. wmir ft (UPSeIS-va.IN

(26 D. Blob it dL; Jfd., IM6,1 UL

27. Wu Cuikai et al., Uaser Journal, 1981, 8, mo. 1, 42.(28 D.C. Rvaja opt Cumm, 3379, ,% IU.
(2M D. Runowsi d d; Op. ZitL, 3WL . ,t
f 303 A.M. PseppPL T&AbemRO. Zg. 41 7 9 16211

(813 -3 N. A. ladr3 OFt, 3973, Mo. 3 34* Cm~9 3M. Cbw a 4L; ZUDx :- ius.R~

33. Wu CU~kai ot al.#* Acts Physic Sinica, 1980. 29, 508.
34. Wu Cunkai et al., Scientjg Sinica, 1980, 11, 1111.
[35]33.Ho A" luoA

'I~M 
-,W N..Ied AT@ Mooba Ohio &Mo. Man*

U-. U. F. A. Jadita d.; 'App. Op.,336,18 2; 1. L w'yugn ao d.1., ..

Qm~w Die., 178,8 is




