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1.0 SUMMARY
1.1

Contract Description
This contract focused on the physics of phase--conjugate gyroscopy and the devel-

opment of the phase-conjugate fiber-optic gyro. The efforts studied a unique approach in
which phase conjugation was used to correct for modal scrambling in fiber-optic gyros
without the need for polarization-preserving fibers and couplers. This involved both theoretical and experimental studies of photorefractive phenomena and novel phase conjugators,
especially mutually pumped and self-pumped conjugators.
1.2

Scientific Problem
..-- Phase-conjugate gyroscopy is a new area promising significant advances in state-

of-the-art inertial navigation.

tkndef this contract we demonstrated the first phase-

conjugate fiber-optic gyros (PCFOG's) and their ability to use low cost multimode fiber
components.

As a direct result of the contract efforts,>the development of the PCFOG is

now at the stage where its sources of noise and drift can be isolated, and its competitiveness with conventional fiber optic gyros can be tested. To come to this stage in development, several scientific and technical issues had to be resolved.

For example, to correct

for the modal scrambling of multimode fibers, the theory and practice of polarization preserving conjugators that worked at milliwatt power levels had to be developed and tested.
Another issue was the mutual coherence requirement for two beams interacting with a selfpumped conjugator that at first restricted the PCFOG from using the most desireable form
of biasing (fast phase modulation).

This issue was resolved only recently when a new class

of phase conjugators (mutually pumped conjugators) was developed that have the ability to
operate with mutually incoherent beams. Almost as quickly as the first mutually pumped
conjugators were discovered, this contract demonstrated the first PCFOG to use one.

In

addition to, and in the process of developing the PCFOG, this contract investigated several
new photorefractive phenomena.

1

1.3

Progress Summary

There were many areas of significant progress achieved under this contract that
are directly related to the development of the phase-conjugate fiber-optic gyro. These
include:

I
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*

First measurement of the Sagnac phase shift in a phase-conjugate fiberoptic gyro.

"

First demonstrations of rotation sensing with multimode fiber gyros using
both self-pumped and mutually pumped coijugators.

*

First measurements of the properties of a mutually pumped phase-conjugate
ring interferometer including,
-

measurements of the outputs indicating a Sagnac nature

-

no measurable nonreciprocal effects introduced by the conjugator

-

dependance on spatial intensity profiles

-

output power vs crystal position for the bird wing conjugator indicating
hysteresis

-

conjugate ref lectivities vs beam ratios indicating gain in reflection

-

measurement of a nonreciprocal phase shift (Faraday effect)

-

correction of modal scrambling in fibers by both polarization preserving
and nonpolarization preserving phase-conjugation with the bird wing
conjugator

-

demonstration of image subtraction.

First measurement of a nonreciprocal phase shift (Faraday effect) in a
double phase-conjugate interferometer.
*

Development of self-pumped and externally-pumped polarization-preserving
phase-conjugate mirrors that operate at milliwatt power levels.

2
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*

First demonstration

and theoretical

modelling of

the correction of

polarization and modal scrambling in multi-mode fibers by polarizationpreserving phase conjugation.
"

First measurements of the phase of phase-conjugate reflections, and the
phase shifts of photorefractive gratings.

In addition to the progress mentioned above, we have also carried out other
interesting scientific research and have achieved many significant results. These include,
*

Development. of models for mutually pumped phase conjugation.

*

Theory of two-beam coupling in cubic photorefractive materials indicating
the possibility of cross-polarization coupling.

*

Analysis of nondegenerate two-wave mixing in ruby.

"

First demonstration of gain and oscillation with the bird-wing mutually
pumped conjugator.

"

Theory of frequency shifts in photorefractive resonators

*

Resonator model of self-pumped phase conjugation

*

Theory of photorefractive conical diffraction, and

"

Theory and experimental design of image addition and subtraction in a
phase-conjugate Michelson interferometer.

Details of this progress are presented in Section 2.0, and in the publications
included in this report as Appendices.
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1.4

Special Significance of Results
Three of the areas of progress noted in the previous section are of special

significance in that they are not restricted in their use to the phase-conjugate fiber optic
gyro. (1) The polarization-preserving phase-conjugate mirror opens a whole new area of
interferometry with multi-mode fibers.

The significance of this work was recently ac-

knowledged when it appeared as a news item in the "Recent Research" section of Optics
News (August 1987, page 39). (2) Measurements of the phase of the phase-conjugate reflection can be used to determine the phase shift (with respect to the intensity pattern) and the
type of gratings (index, absorption, gain, or mixture) involved in degenerate four wave
mixing in nonlinear media. Proper selection of nonlinear media will allow the construction
of phase-conjugate interferometers that "self-quadrature" for high sensitivity and linear response. The phase shift of phase conjugators also plays an important role in the frequency
shift of double phase-conjugate resonators. (3) Our studies on cross-polarization two-beam
coupling resulted in the invention of a new filter/amplifier concept that represents a significant advance in the state-of-the-art. The filter/amplifier is wavelength and bandwidth
tunable, with potential for extremely narrow bandwidth, it has a wide field-of-view (many
degrees), and is simpler than schemes using four-wave mixing.
1.5

Publications and Presentations

Publications
*

"Coupled-Mode Theory of Hologram Sharing in Mutually Pumped Phase Conjugators,"
Pochi Yeh, to appear in Appl. Opt. (1989).

*

"Photorefractive Two-Beam Coupling in Cubic Crystals.

I. General Case (€# 42),"

Pochi Yeh, 3. Opt. Soc. Am. B 5, 1811 (1988).
*"Model for

Mutually Pumped Phase-Conjugation," Pochi Yeh, Tallis Y. Chang, and M.

D. Ewbank, 3. Opt. Soc. Am. B 5, 1743 (1988).
*

"Cross-Polarization Photorefractive Two-Beam Coupling in Gallium Arsenide," Tallis
Y. Chang, Arthur E. Chiou, and Pochi Yeh, 3. Opt. Soc. Am. B 5, 1724 (1988).

4
C9943DA/jbs

o

Rockwell International
Science Center
SC 54 24.FR

"Nondegenerate Two-Wave Mixing in Ruby," Ian McMichael, Pochi Yeh, and Paul
Beckwith, Opt. Lett. 13, 500 (1988).
"Externally Pumped Polarization-Preserving Phase Conjugator," Ian McMichael, 3. Opt.
Soc. Am. B 5, 863 (1988).
"Phase-Conjugate Multimode Fiber Gyro," Ian McMichael, Paul Beckwith, and Pochi
Yeh, Opt. Lett. 12, 1023 (1987).
"Image Distortion in Multimode Fibers and Restoration by Polarization-Preserving
Phase Conjugation," Paul Beckwith, Ian McMichael, and Pochi Yeh, Opt. Lett. 12, 510
(1987).
"Correction of Polarization and Modal Scrambling in Multimode Fibers by PhaseConjugation," Ian McMichael, Pochi Yeh, and Paul Beckwith, Opt. Lett. 12, 507 (1987).
"Phase Shifts of Photorefractive Gratings and Phase Conjugate Waves," Ian McMichael
and Pochi Yeh, Opt. Lett. 12, 48 (1987).
"Self-Pumped Phase-Conjugate Fiber-Optic Gyro," Ian McMichael and Pochi Yeh, Opt.
Lett. 11,686 (1986).
"Photorefractive Conical Diffraction in BaTiO3," M. D. Ewbank, Pochi Yeh and 3.
Feinberg, Opt. Comm. 59, 423 (1986).
"Polarization-Preserving Phase Conjugator," Ian McMichael, Pochi Yeh and Monte
Khoshnevisan, Opt. Lett. 11, 525 (1986).
"Absolute Phase Shift of Phase Conjugators," Ian McMichael, Pochi Yeh and Monte
Khoshnevisan, Proc. Soc. Photo-Opt. Instrum. Eng. 613, 32 (1986).
"Parallel Image Subtraction Using a Phase-Conjugate Michelson Interferometer," A. E.
T. Chiou and Pochi Yeh, Opt. Lett. I1, 306 (1986).
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"Phase-Conjugate

Fiber

Optic

Gyro,"

Pochi

Yeh,

Ian

McMichael

and

Monte

Khoshnevisan, Applied Optics, 25, 1029 (1986).
"Frequency Shift of Self-Pumped Phase Conjugator," M. D. Ewbank and Pochi Yeh,
Proc. Soc. Photo-Opt. Instrurn. Eng. 613, 59 (1986).
"Theory of Unidirectional Photorefractive Ring Oscillators," Pochi Yeh, J. Opt. Soc.
Am. B2, 1924 (1985).
"Frequency Shift and Cavity Length in Photorefractive Resonators," M. D. Ewbank and
Pochi Yeh, Opt. Lett. 10, 496 1985).
Presentations
"Multimode Fiber Gyro Using a Mutually Pumped Conjugator," Ian McMichael, Paul
Beckwith, and Pochi Yeh, presented at the Annual Meeting of the Optical Society of
America, Santa Clara, CA, October 31 - November 4, 1988.
"Recent Advances in Photorefractive Nonlinear Optics," Pochi Yeh, invited paper
presented at the Laser Materials and Laser Spectroscopy Meeting, Shanghai, China,
July 25 (1988).
"Two-Wave Mixing in Nonlinear Media," M. Khoshnevisan, A. Chiou, T. Chang, M.
Ewbank, 1. McMichael, and P. Yeh, presented at the International Conference on
Nonlinear Optical Phenomena, Ashford Castle, Ireland, May 2-6, 1988.
"Phase-Conjugate Ring Interferometer," Ian McMichael, M. D. Ewbank, and Pochi Yeh,
presented at the Conference on Lasers and Electro-Optics, Anaheim, CA, April 25 - 29,
1988.
"Phase-Conjugate Multimode Fiber Gyro," Ian McMichael, Paul Beckwith, and Pochi
Yeh, presented at the topical meeting on Photorefractive Materials, Effects, and
Devices, Los Angeles, CA, August 12-14, 1987.
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"Correction of Polarization and Modal Scrambling in Multimode Fibers by Phase
Conjugation, o

Ian McMichael,

Pochi Yeh, and Paul Beckwith, presented at the

Conference on Lasers and Electro-Optics, Baltimore, Maryland, April 27 - May 1, 1987.
"Double Phase-Conjugate Fiber-Optic Gyro," Ian McMichael and Pochi Yeh, presented
at the Annual Meeting of the Optical Society of America, Seattle, WA, October 19-24,
1986; summary published in J. Opt. Soc. Am. A 3, 63 (1986).
"Measurements of the Phase of Phase-Conjugate Reflections," Ian McMichael, Pochi
Yeh and Monte Khoshnevisan, Paper FDD4, presented at the International Conference
on Quantum Electronics, San Francisco, CA, June 9-13, 1986; summary published in J.
Opt. Soc. Am. B 3, 214 (1986).
"Phase-Conjugate Interferometry and Applications," Quantum Electronics Seminar,
University of Southern California, March 5, 1986.
"Absolute Phase Shift of Phase Conjugators," Ian McMichael, Pochi Yeh and Monte
Khoshnevisan, presented at O-E LASE'86, Los Angeles, CA, January 19-24, 1986.
"Phase-Conjugate

Fiber

Optic

Gyro,"

Pochi

Yeh,

Ian

McMichael

and

Monte

Khoshnevisan, presented at the Annual Meeting of the Optical Society of America,
Washington, D.C.,
(1985).

October 14-18, 1985; summary published in Opt. Soc. Am. A 2, P67

"Scalar Phase Conjugation Using a Barium Titanate Crystal," [an McMichael and
Monte Khoshnevisan, presented at the Conference on Lasers and Electro-Optics,
Baltimore, Maryland, May 20-24, 1985.

*

Works only partially supported by this contract.
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2.0 PROGRESS
2.1

Phase-Conjugate Fiber-Optic Gyros
Since its first demonstration under this contract, the phase-conjugate fiber-optic

gyro (PCFOG) has made steady progress.

This progress is summarized below and is

descrided in detail in the publications that are included in this report as appendices.
Our first objective was to demonstrate that the PCFOG is sensitiv.e to the
nonreciprocal phase shift produced by the Sagnac effect and can be used to sense rotation.
A proof of concept experiment was set up for this objective using an externally-pumped
crystal of barium titanate as the phase conjugator.

This experiment, reported in Ref. I

(Appendix 4.16), provided the first demonstration of rotation sensing with a PCFOG.
In the proof of concept demonstration of the PCFOG mentioned above, the length
of the fiber-optic coil, and therefore the sensitivity of the gyro, was limited by the
coherence length of the laser. To solve this problem we set up a PCFOG consisting of a
Michelson interferometer in which the light beams from two arms travel as clockwise and
counterclokwise bt ares respectively, in the same fiber optic coil and reflect from the same
self-pumped phase-conjugator. We reported the demonstration of rotation sensing with this
PCFOG in Ref. 2 (Appendix 4.11).
Since phase conjugation can correct for modal scrambling, a PCFOG can use
multimode fibers.
However, complete correction of modal scrambling requires a
polarization-preserving conjugator and the corresponding experimental setup of a PCFOG is
complicated.

To solve this problem we set up a PCFOG using a multimode fiber coil, a
nonpolarization-preserving conjugator, and a spatial filter to discriminate against the
portion of the light reflected by the conjugator that does not correct for modal
scrambling.

This experiment, reported in Ref. 3 (Appendix 4.7), provided the first

demonstration of rotation sensing with a PCFOG using multimode fiber.
The demonstrations of PCFOG's described above used a quarter-wave retarder for
biasing. This biasing technique is known to be a source of noise and drift. The preferred
biasing technique in interferometric fiber-optic gyros is to use a fast (faster than the
rountrip time in the fiber coil) phase modulation at one end of the fiber coil. In our first
demonstrations of PCFOG's it was not possible to use this technique due to the requirement
of mutual coherence between the two beams entering the photorefractive phase conjugator.
8
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However, the recently discovered mutually pumped phase conjugators (MPPC's) 4 - 6 provided
a solution to this problem.

(For information on MPPC's see Section 2.5.1).

The MPPC's

have the unique ability to generate the conjugates of two beams that are mutually incoherent.

To test this concept we set up the PCFOG shown in Fig. I using the bird-wing

MPPC. Light from a laser was coupled onto a rotating table by a single mode polarizationpreserving fiber SMPPF. The light exiting from tthe fiber was split into two components by
the polarizing beamsplitter PBS.

One component traveled in a multimode fiber MMF, and

both components were eventually became the pumping beams for the bird-wing MPPC in a
crystal of BaTiO3.

Although the coherence length of the laser was much shorter than the

path length difference between for the components entering the BaTiO 3 crystal, the MPPC
was able to generate the conjugates of the two components.

SC46476
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Fig. I Multimode fiber gyro using a mutually pumped phase conjugator.

Figure 2 shows representative gyro signals obtained from detectors DI and D2.
For the upper trace, the gyro was first stationary, then it was rotated clockwise, stopped,
and then rotated counterclockwise for several cycles with an amplitude of approximately
6°/s.

The experimentally measured phase shift was in good agreement with the predicted

phase shift. The background noise level with the gyro stationary is shown in the lower trace
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Fig. 2
Gyro signals.

(vertical scale is 10 times more sensitive). We are not certain of the noise source, but we
have preliminary data indicating that it is due to the Shupe effect. 7

Efforts are now

underway to minimize the Shupe effect in our PCFOG by quadrature winding and thermal
isolation of the fiber coil.

The results of our studies of the PCFOG using a MPPC were
presented at the 1988 Annual Meeting of the Optical Society of America. 8 The summary
and viewgraphs from that presentation are included in this report as Appendix 4.20.
2.2

Phase-Conjugate Ring Interferometer
The PCFOG is essentilly a ring interferometer utilizing a long fiber-optic coil to

increase the accumulated Sagnac phase shift. Before setting up the PCFOG with the MPPC
as described in the previous section, we first investigated the simpler phase-conjugate ring
interferometer (PCRI) shown in Fig. 3. Incident light was split by beamsplitter BS into two
beams that entered a bird-wing MPPC.

Light incident on one side of the bird-wing MPPC

exits from the opposite side. In this sense, the MPPC acts like a reflector and, consequently, the PCRI acts like a Sagnac interferometer. For a Sagnac interferometer, with no
nonreciprocal phase-shifts present, the percentage of power at the subtractive output is
given by,

(I - 4RT )

x

()

100%

where R and T are the intensity reflection and transmission coefficients of the beamsplitter.

For our beamsplitter with T = 2/3, R = 1/3, Eq. (1) gives 11.1%. We found, after taking

extreme care to insure good overlap of the two beams in the MPPC, that 11.7% of the total

10
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Fig. 3

SUBTRACTIVE
OUTPUT

Phase-conjugate ring interferometer.

1 -4RT

INPUT
BS

ADDITIVE
power exits from the subtractive output
thus verifying its
port of the PCRI;
contrasts what ocSagnac nature. This

OUTPUT
4RT

curs when the MPPC is replaced by a
self-pumped conjugator where less than
9
1% exits from the subtractive output.
Unlike the Sagnac interferom-

M

eter, the PCRI has a wide field-of-view
and can be used to perform image inversion, addition and subtraction. We demonstrated
this by placing transparencies in the arms of the PCRI. Figure 4(a) shows the image
inversion obtained for an image of five horizontal bars, and Fig. 4(b) shows the subtraction
of five horizontal bars and one vertical bar.
SC44760

IMAGE SUBTRACTION

IMAGE INVERSION

IMAGE #1

IMAGE

SUBTRACTION

INVERSION

Fig. 4

IMAGE #2

Image inversion and subtraction with the phase-conjugate
ring interferometer.
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A second PCRI was set up as shown in Fig. 5.

Incident light is split into two

linear polarization components by polarizing beamsplitter PBS, one component is rotated by
900 by the half-wave retarder X/2, and both components are incident on a bird-wing MPPC.
INPUT
OUTPUT LN4B$
MMPC

M
Fig. 5 Another phase-conjugate ring interferometer.
Figure 6 shows the reflected output power (squares) and polarization angle OR
(crosses) as a function of the polarization angle of the incident beam el.

Due to the half-

wave retarder in the PCRI, the x (y) component of the input becomes the y () component of
the output.
crosses.

This is represented by the solid line, OR = 900 - 0i, that fits well to the

One should note that although the optical setup of this PCRI looks much like the

polarization-preserving phase-conjugator described in the following section, it does not preserve polarization (ie. the reflected and incident polarization angles are not equal). For e1 >
800, corresponding to intensity ratios >32 for the beams incident or the MPPC, the MPPC
stopped working.
To demonstrate that the PCRI could be used to measure nonreciprocal phase
shifts, we placed a Faraday modulator in the PCRI as shown in Fig. 7. For a voltage of ±0.4
V applied to the modulator, we measured a change in the output polarization corresponding
to a nonreciprocal phase shift of 20 mrad. This is exactly what one would predict based on
the polarization rotation (10

mrad) produced by the Faraday modulator for the same

voltage.
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We also studied the correction of modal scrambling in multimode fibers using the
MPPC in the experimental setup shown in Fig. 8. Incident light was first split into two
beam by beamsplitter BS. One beam was incident on one side of the MPPC and the other
beam was input into a multi-mode fiber. Due to modal scrambling, the emerging light from
the fiber is randomly distributed among the spatial and polarization modes of the output.
This output was split into its polarization components by polarizing beamsplitter PBS, one
component was rotated by 90*, and both were then incident on the other side of the MPPC.
The combination of components PBS, X/2, and MPPC act as a polarization-preserving conjugator, so that when the reflected waves from the MPPC recombine at the PBS they formed
a true time reversed wave. When this wave propagates back through the multimode fiber it
will have the same polarization as the beam that was incident on the fiber. To test this we
sent linearly polarized light into the fiber with a polarization at 450 to the plane of the
figure, and with a major to minor axis ratio of 104 (ie. nearly linearly polarized). The
measured output polarization was at (45-1)0, with a major to minor axis ratio of 102;
indicating that this arrangement corrected for the modal scrambling of the fiber to within
1%. We also looked at the case when one of the two polarization components from PBS was
blocked (nonpolarization-preserving case). In this case, measured output polarization was
again (45±_l), but the major to minor axis ratio decreased to 101; indicating that this
arrangement does not do as good a job of correcting for the modal scrambling of the fiber
as the previous case.

MMF

MM
Fig. 8

Setup to demonstrate correction of modal scrambling in fibers
by a polarization preserving, mutually pumped phase conjugator.
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The results of our investigations of phase-conjugate ring interferometers were
presented at the 1988 International Quantum Electronics Conference. 1 0 The summary and
viewgraphs from that presentation are included in this report as Appendix 4.22.
2.3

Polarization-Preserving Phase-Conjugators

As noted in the previous section, complete correction of modal scrambling requires a polarization-preserving conjugator (PPPC). With this motivation we developed the
first PPPC that operates at milliwatt power levels. The PPPC works by decomposing an incident light beam into its two polarization components, rotating one with a half-wave retarder, and reflecting both from the same conjugator. When the reflected components recombine they form a conjugate wave that has the same polarization as the inciden' beam.
Our report of this development is contained in Ref. I I (Appendix 4.13) and Ref. 12 (Appendix 4.6).
2.4

Correction of Modal Scrambling in Multimode Fibers by Phase-Conjugation
We investigated both theoretically and experimentally the correction of modal

scrambling in multimode fibers by phase conjugation and reported our results in Ref. 13
(Appendix 4.9) and Ref. 14 (Appendix 4.8). A summary of our results is presented here.
When polarized light is incident on one end of a long multimode fiber, the light exiting from
the other end is randomly distributed among the spatial and polarization modes. Recovery
of the spatial and polarization modes of the incident light takes place only when the
conjugator at the fiber output preserves polarization on reflection. However, if the fiber
supports a large number of spatial modes and one uses spatial filtering to look at only the
light returning in the same spatial mode as the incident light, then one will see nearly
complete polarization recovery, even when only one polarization component is conjugated
at the output of the fiber. This is a result of the fact that light returning down the fiber
that is orthogonal in polarization to the inpuut is randomly distributed among all of the
spatial modes.
2.5

Phase Shifts of Photorefractive Gratings and Phase-Conjugate Waves

The phase of the phase-conjugate reflection determines the operating point of
phase-conjugate interferometers such as the PCFOG. With the proper choice of nonlinear
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media, these interferometers can be biased at the operating point of highest sensitivity and
With this motivation we studied the phase shifts of photorefractive gratings and phase-conjugate waves. Our results are presented in Ref. 15 (Appendix 4.10) and Ref. 16 (Appendix 4.14), and summarized here.
linear response (quadrature).

In four-wave mixing, the phase of the phase-conjugate wave contains the phase of
the pumping and probe waves, and a phase shift determined by the nonlinear medium. This
second term, the phase shift of the phase conjugator to, is a function of the type of grating
(refractive index, absorption, or gain) and the phase shift of this grating 0g with respect to
the light interference pattern. For kerr media (index grating, *g = 0*) to - 90,
photorefractive media (index grating, 0g - t900) to - 00 or 1800.

and for

Measurements show that the two-wave mixing gain in barium titanate is an asymmetric function of frequency detuning, indicating that 0g is not exactly 90, as is often
assumed. The value of 0 g obtained from the two-wave mixing measurements compares well
with that obtained from four-wave mixing measurements of to .
2.6

Photorefractive Phenomena

2.6.1

Theory and Model of Mutually Pumped Phase Conjugation
Many phase-conjugate mirrors have been reported in the literature. One way to

classify these conjugators is by their method of pumping, and the corresponding number of
main beams incident on the nonlinear medium. There are at present at least three classes
in this classification scheme; (1) externally pumped phase conjugators (three beams incident), (2) self-pumped phase conjugators (one beam incident), and (3) mutually pumped phase
conjugators (two beams incident). Figure 9 illustrates the class known as mutually pumped
phase conjugators (MPPC's). Two beams, Al and A3, are incident on a nonlinear material,
and their conjugates, A3 and A4 respectively, are generated. Although MPPC's were predicted several years ago, their demonstration is very recent.4-6 Presently, a lot of
attention is being focussed on MPPC's for a number of reasons. Perhaps the most important
reason is the ability of the MPPC to operate with mutually incoherent beams, and the
resulting implications for applications such as the phasse-conjugate fiber-optic gyro, phaseconjugate communications. In this section we summarize progress in the areas of theory
and modelling of MPPC's that was made under this contract.
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We have developed a theory that explains the operation of MPPC's. 1 7 The details
of this theory are presented .in the preprint of our paper which is attached as Appendix 4.1,
and a summary of this theory is presented here.

To obtain an understanding of MPPC's,

first consider what happens when only one beam, A1 , is incident on a photorefractive crystal as shown in Fig. 10(a). Light scattered in the crystal forms gratings with the incident
beam and is amplified by two-beam coupling. This results in a broad fan of light, A 3 , that
exits from the crystal. When a second beam, A2 , is turned on, an interesting thing happens.
Initially, the two beams will fan into each other as shown in Fig. 10(b).

Each of the two

fanning beams A3 and A4 can be decomposed into two components, a component that is the
conjugate of A, and A2 , respectively, and a component that is orthogonal to the conjugate,
or nonconjugate.

Using coupled mode theory, we have shown that the exponential gain co-

efficient for the conjugate component is twice that of the nonconjugate component.

(This

factor of two is reminisent of that which explains the phase-conjugate nature of stimulated
Brilloin scattering.)

Although the initial fanning indicates that the total power carried by

the nonconjugate components dominates in the beginning, the higher gain for the conjugate
component eventually causes nearly all of the power carried by the fanning beams A 3 and
A4 to collapse into the conjugate waves A,* and A 2 *, respectively as shown in Fig. 10(c) In
the end, the incident beams share a single grating or hologram which diffracts A1 to produce the conjugate of A2 , and diffracts A3 to produce the conjugate of A1 . Therefore, this
model of MPPC's is often referred to as "hologram sharing."
We have also studied a new resonator model for MPPC's illustrated in Fig. 11.
Crystal CI and its pumping beam A1 are oriented such that two-beam coupling is the source
of gain for the counterclockwise oscillation B1 in the ring resonator formed by mirrors MlM3. Similarly, C2 and A2 provide gain for the clockwise oscillation B2 . Readout by B2 of
17
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the grating written by A, and B1 produces the conjugate A,* by four-wave mixing, provided
that B2 = BI*.

Similarly, readout by B1 of the grating written by A2 and B2 produces the

conjugate A 2 *. The condition B2 = BI* will be satisfied whenever the counterpropagating
oscillations occupy the same spatial modes.

For example, this can be accomplished by

placing an aperature in the cavity to restrict both of the counterpropagating oscillations to
the lowest order mode.

We have demonstrated and studied a resonator MPPC using two
separate crystals of BaTiO 3 .1 8 The resonator model and experiments are described in
detail in Appendix 4.3.
2.6.2

Cross-Polarization Coupling in Cubic Photorefractive Crystals
Two-beam coupling usually refers to a process in which two beams of the same

polarization exchange energy in a photorefractive crystal. We have developed a theory and
performed experiments demonstrating the possibility of cross-polarization two-beam coupling in which two beams of same polarization can interact to generate a beam of orthogonal
polarization in cubic photorefractive crystals. This is a result of the fact that the
photorefractive gratings are in general birefringent due to the tensor nature of the electrooptic effect.

In general, cross polarization coupling is not possible in non-cubic crystals,

since the optical anisotropy of these crystals will not allow for phase matching except along
The unique property of cross polarization coupling - that the
presence of a pump beam can transform the polarization of the probe - has potential applicertain special directions.

cations in optical-image and -signal processing (e.g., spatial light modulators and narrow
band filters).

Details of the theory and experiments on cross-polarization coupling are
presented in Refs. 19, 20 (Appendix 4.2) and Ref. 21 (Appendix 4.4).
2.6.3

Artificial Photorefractive Effect in Ruby
In two-wave mixing, the interference of two light waves results in a spatial

modulation of the optical susceptibility of some medium.

The two waves then interact

through this grating, and net energy transfer between the two waves takes place when the
grating is shifted in phase with respect to the interference pattern.

Energy transfer is

observed in photorefractive media, where a phase shift of approximately 90* results from
the grating formation process. 2 2 In other media where the grating is usually in phase with
the interference pattern, it is possible to produce a phase shift oetween the grating and the
interference pattern, and to observe energy transfer, by moving the grating at a rate
19
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comparable to the response time of the medium. This can be accomplished in several ways:
by nondegenerate two-wave mixing (NDTWM or "artificial photorefractive effect") in which
a frequency shift between the interacting waves results in a moving interference pattern,
by moving the medium itself, 2 3 or by using the Lorentz force to move the free-carrier
grating in a semiconducting medium. 2 4 NDTWM takes place in such stimulated scattering
processes as Rayleigh line, Brillouin, Rayleigh wing, and Raman scattering. In these
processes, the corresponding nonlinearity is increased by the resonant Q, Q = f/Af (for
backward SBS in CS2, Q - 100).

However, since the corresponding nonlinearities (Kerr

effect where a change of polarizability of individual molecules is due to field-induced
deformation and reorientation, and electrostriction and absorptive thermal nonlinearities)
are very small to begin with, the power densities required to observe these effects are still
very large (G 10 MW/cm2). It is therefore surprising that NDTWM in saturable resonant
media has not been investigated extensively, since the corresponding nonlinearities can be
many orders of magnitude higher and the power densities required can be many orders of
magnitude lower. To our knowledge in the past there were only two reports of such investigations; oone using sodium vapour 2 5 and another using a fluorescein-doped glass. 2 6 Our
studies involved NDTWM in ruby. 2 7 We have shown that our results are in agreement with
the theory of NDTWM 2 8 when it is generalized to take into account a complex nonlinear
index, we have demonstrated two-wave mixing gain exceeding the absorption and reflection
losses, indicating that NDTWM can be used for optical amplification, and we have pointed
out that these experiments provide a simple and accurate method for determining the
complex nonlinear index, response time, and saturation intensity. The details of our studies
on NDTWM in ruby are presented in Appendix 4.5.
2.6.4

Photorefractive Conical Diffraction
A linearly polarized beam incident on a photorefractive crystal can cause a cone

of light to emerge with polarization orthogonal to that of the incident beam. The cone angle
is determined by the phase-matching condition for the incident and cone beams. Measurement of the cone angle as a function of the incident angle provides a simple and accurate
method for determining the dispersion of the birefringence in photorefractive crystals.
Details of our theoretical and experimental investigations into the phenomena of conical
diffraction are presented in Ref. 29 which is included in this report as Appendix 4.12.
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2.6.5

Frequency Shifts in Photorefractive Oscillators and Conjugators

Photorefractive oscillators exhibit a frequency difference between the oscillating and
pump beams on the order of one Hertz, and they oscillate over a large range of cavity
detuning despite their narrow gain bandwith. We have developed a theory showing that
nondegenerate two-wave mixing results in a phase shift that compensates for the cavity
thus

detuning;

explaining

the

previously

mentioned

properties

of

photorefractive

The details of our theory and its experimental verification are presented in
Ref. 30 (Appendix 4.18) and Ref. 31 (Appendix 4.19).
oscillators.

The reflection from most photorefractive, self-pumped phase conjugators differs
in frequency from the incident beam by approximately one Hertz. We have developed a
theory and carried out supporting experiments to explain such frequency shifts. In our
model, oscillating beams build up in a resonant cavity formed by external mirrors or crystal
faces, and these beams provide the pump waves for four-wave mixing. The frequency shifts
of the oscillating beams and reflected beam are proportional to the cavity length detuning
as noted above.

Details of our theory and experiments are presented in Ref. 32 which is

included in this report as Appendix 4.17.
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APPENDIX 4.1
COUPLED-MODE THEORY OF HOLOGRAM SHARING IN MUTUALLY
PUMPED PHASE CONJUJGATORS
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COUPLED-MODE THEORY OF HOLOGRAM SHARING
IN MUTUALLY PUMPED PHASE CONJUGATORS

Pochi Yeh
Rockwell International Science Center
Thousand Oaks, CA 91360

Abstract

A coupled-mode theory is developed for photorefractive hologram sharing in
mutually pumped phase conjugators. The theory shows that the spatial gain coefficients
for the mutually conjugated beams are twice as large as those of other scattered beams.

I
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Mutually pumped phase conjugators (MPPCs) are nonlinear optical devices in
which two incident laser beams can mutually pump each other and produce phaseconjugated beams inside photorefractive crystals.

Such phase conjugators operating in

the degenerate regime were first studied theoretically1 in terms of self-oscillations in a
four-wave mixing process.

Recently, these mutually pumped phase conjugators were

demonstrated experimentally
crystals. 2 -4

using two

incoherent laser beams in barium titanate

These MPPCs with mutually incoherent beams can be explained by the

hologram-sharing model

5

6
or the resonator model.

The hologram-sharing model proposed earlier, $ provides a very good explanation of the phenomenon
crystals.

of mutually pumped phase conjugation in photorefractive

The model is based on the fact that cross washout of index gratings generally

occurs except when two sets of beams share the common hologram. Although the model
gives a very clear picture of the physical mechanisms involved in MPPC, no quantitative
results are given to describe the growth of the phase-conjugated waves.

In this paper,

the author presents a coupled-mode analysis for the hologram-sharing mode! of the
mutually pumped phase conjugators.
Referring to Fig. I, let us consider the interaction of two sets of bearms in a
photorefractive medium.
are also mutually

Beam I and beam 2 are mutually coherent; beam 3 and beam 4

coherent.

But

beam 2 and beam 3 (or

incoherent. The electric fieid can be written as

4J

j=1

2
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2 and 4) are mutually

are the

where A], A 2 , A 3 , A 4 are the complex amplitude of the four waves, wl, w 2 w 3,w4
angular frequencies, and kP k2' k39 k4 are the wavevectors.

The frequencies of the

beam satisfy the following condition:

(2)

wI = w2 4t w3 = w4

This condition indicates that beams I and 2 are mutually coherent, beams 3 and 4 are
In addition, these two sets of beams are mutually incoherent.

also mutually coherent.

Inside the photorefractive

medium,

beams intersect and form

these four

We assume that beams I and 2 enter the medium at the face z

holograms.

beams 3 and 4 enter the medium from the back face z = L.

frequencies are very different such that (w3

-

volume
=

0, and

If we assume that the

>> I (where E is the photorefractive

u)

grating decay time), the fundamental component of the index grating can be written
*

An

* 2 e K21
AA
rie
n
e )12
€

i

-iK
+

3 A4

e-

K43

+

+ C.C.

(
(3)

where 10 is proportional to the total intensity and is given by

Io

J 1 2 -. 162A12., IA312-, IA4 12

(4)

and K2 1 and K4 3 are the grating wavevectors

K21

2 -

I'

K43

4

3
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3

(5)

and c.c. denotes the complex conjugate term.

We note that there are only two

contributions to the index grating since beams 1 and 2 are incoherent with respect to
beams 3 and 4.

If K2 1 is distinct from K4 3 , then the coupled mode equations can be

written

-d

A

d

dA1
A2 =

d

A

12
Y2 1IA 1 2 A 2 /Io
I
2 y4 3

dz A
d
dz A4

2 2 1 A /Io
/

- 2iAY21

=

2

(6)

A3

4

0A

12
2

43

1A3! A4 /! 0

where Y21 and Y43 are coupling constants.

In deriving the coupled-mode equations, we

assume that the photorefractive medium operates by diffusion only so that € = r/2.

In

addition, we neglect the material absorption. We notice that there are two sets of twobeam coupled-mode equations in Eq. (6).

In other words, the two sets of beams undergo

two-beam coupling independent of each other, except the denominator 10 which accounts
for the cross washout of the gratings due to the presence of the other set of beams. The
cross washout is a result of two gratings sharing the same volume of photorefractive
medium.
When

4

1 and

2

-

3

,

the wavevectors of the two gratings are

identical, i.e.,

K21 =K43

(7)

4
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the coupled-mode equations can be written

d

A

dz A1
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34
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d
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rA43
4
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2

3

1

d

dzA4 =

AAI]A4I
4 0

*
y

34

12

3/Io

where y = Y2I = f3 is the coupling constant.
right side of each equation in (8).
grating.

(8)

+ AA] AI

3

\; e notice that there are two terms on the

Each term represents Bragg scattering from one

Since these two gratings have the same wavevector, they contribute equally to

the Bragg scattering. If in addition,

A4

= p

A2 =

0

A1

(9)

A3

where p is an arbitrary constant, then the two terms in the square brackets in Eq. (8) are
identical, and the coupled equations become

5
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2

d
dzA

d A2 =

Y

IA2 1 A1/10

y IA
1

2

/IoA
(10)

d

A = -Y JA4 12 A3 /I

d A
dzA 4 =

A2 A/

y

1A3 1 A4 /I 0

Let us assume that beams 2 and 4 are the ones that get amplified due to twobeam coupling (i.e., y > 0).

We now examine the spatial growth of beams 2 and 4. The

exponential growth constant for these two beams in Eqs. (10) is twice as large as that of
the same beams in Eqs. (6) as a result of the hologram sharing.

This factor of 2 is

reminiscent of the theoretical proof of the phase-conjugated nature of SBS. 7 - 8 It was
shown that the gain coefficient for the conjugated wave in SBS is twice that of any other
scattered wave. 9 In photorefractive media such as BaTiO 3 or SBN, the exponential gain
coefficient can be as large as 40 cm-1.10

Thus in a sample of I cm, the ratio between

the gain of mutually phase conjugated beams and that of the randomly scattered beams
can be as large as a factor of exp (20). This enormous factor indicates that the mutually
phase conjugate beams are the dominant ones in terms of spatial growth and that the
conjugated beams can be generated from the noise.
In photorefractive crystals such as BaTiO 3 or SBN, mutually pumped phase
conjugation starts from scattering of the two incident beams (beams I and 3) (see
Fig. 1(b)).

These scattered waves are represented by A 2 amd A 4 in Eq. (1).

As a result

of photorefractive coupling, these scattered waves will be amplified in the medium.
Initially these scattered waves A 2 and A 4 may have arbitrary wavefronts.
These scattered waves may be decomposed into two parts
6
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(11)

A2 (0) = oA*(O) + A (O)
A4 (L) = pA*(L) + A (L)

where A(O) and A (L) represent the portions which are orthogonal to the conjugate
waves.

As indicated earlier, these nonconjugated parts have smaller gain coefficients

compared to the conjugated parts.

Although these nonconjugated parts may be signifi-

cant in the beginning, the conjugated parts dominate at the end due to the exponential
growth. Thus in high gain media such as BaTiO 3 and SBN, the mutually phase conjugated
beams are often nany orders of magnitude higher than other scattered beams.
In conclusion, a coupled-mode theory is developed for the hologram-sharing
model of mutually pumped phase conjugation (MPPC).

The theory predicts that the

amplification coefficient for the mutually phase conjugated beams is twice that of other
scattered beams, and provides a quantitative basis for the hologram sharing model.
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Photorefractive two-beam coupling in cubic crystals in which the spatial phase shift between the index grating and
intensity pattern is not 7r/2
is considered. Exact solutions for codirectional cross-polarization two-wave mixing
are obtained. The results are useful for the case of nondegenerate two-wave mixing when the spatial phase shift is
not r/2.

.-

E_Lthe

A nonlinear model of photorefractive two-wave mixing in
cubic crystals was recently developed.1 In the model each
beam consisted of two orthogonally polarized components
that were designated s and p components. Coupled-mode
equations for the four-wave amplitudes were derived. The
theory shows that cross-polarization two-wave mixing is possible in cubic crystals with a zinc-blende structure (point
group symmetry 43m). At the same time, several experimental investigations were carried out to study such cross25
polarization couplings in GaAs crystals. -

where A,, AP, B., and BP are the wave amplitudes, 31 and 3
are the z components of the wave vector, ft is the angle
between the two beams inside the crystal, 0 is the spatial
phase shift betwen the grating and the intensity pattern, and
1i is given by
4 = A,*A + Ap*Ap + B,*B, + BP*B.
The coupling matrix F is given by
F

In the previous work a 7r/2 spatial phase shift between the

index grating and the intensity pattern was assumed. This
phase shift corresponds to the case of pure diffusion (i.e.. no
externally applied static electric field). Exact solutions of
the coupled-mode equations were obtained for the case of codirectional coupling. Approximate solutions for both the codirectional and the contradirectional coupling were also obtained.
In this paper we will derive exact solutions for the general
case of codirectional cross coupling when the spatial phase
shift is not r/2. This corresponds to situations when the two
beams are different in frequency or when an external electric
field is applied. Deviation from 0 = ir/2 has been observed
with oxide materials such as BaTiO3 and Sro,;Ba. 4NbO .
The exact solutions are formally identical to those of the
case 0 = 7r/2, except for a complex phase factor in the argument of a transcendental function.
Following the notation used in Ref. 1 and referring to Fig.
1, we can write the coupled-mode equations as
2,

'

(3)

= '2'Oq,

with
[0
E,
( = n 4r 41 E, 0
E, E,

E~
E,
0

(4

where r 41 - r 231 - r312 - r 123 and E,, E, and E: are the three
components of the amplitude of the space-charge field.
Also,
i , i = g P,
5
where 9, Pi, and P2 are unit vectors along the direction of
polarization.
As indicated by the subscripts, F,. are the coupling constants between the ith and jth polarized waves. Thus '..
Y and_
and pew are the parallel coupling constants, and
are the cross-coupling constants.
rpp

d-A, = --I- eOirB '+ F, BPI(AB,* + A.B.* cosO0/,
dz

For the case of pure codirectional cross coupling. a described in Ref. 1,

"

d

F., = FpP =0,

dZ B, = 23i e_

F A ,+ F

=

d

=

e,11i-P B" + r

= 23

(61

A;](.q,B, + A *B Cos )/I,=2
sp= Fp. = F sp =

d
dz

(2)

P)B(.4, B,* + A4dBj cos 0)/1 ,
PP

Fe..

=

(2n-/)X(n

4

r41E cos ,2,

I7I

where Esc is the amplitude of the space charge field and we
assume that the beams enter the crystal s.vmmetricall, such
that

,

I

.4

l

*

'.A I-

A "
-

, " /

il
0,740 3224

W,
III

I -03:0U2.olP

., = .

= 12

,

',-', 21
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AD

with
= 4c_,C

Asq

'22

+ a.

where C and C' are constants of integration that are determined by the boundary condition at z = 0.
When f and g are known, the intensity of all four waves is
given by

CUBIC CRYSTAL
Fig. 1. Schematic drawing of two-beam coupling in photorefrac-

Ap- =1

Ic

- ifgI~c
1 - fgk-

tive cubic crystals.

jgj2C,
-I/g'-c z
d A, = ie-rBP(AB,* + APBP. cos 0)/I,
dz
_d B = ie*YAP(A, *B,+ AP*BP cos (/1,.
dz
"
'

d

= ie'VA,(AB, + A.

cos

(

where
(10)

e = ell
and

-yis a real coupling constant given by
= ,2(2r/,\)n'r 41 E .

(11)

We notice that Eqs. (9) reduce to the previous case' if we
put o = r/2. The constants of integration are still given by
0=

BPB

AA,+

(12)

C1.

A 0 A~+ BB= c.

(13)

A,Ap* + B,*BP c.
AB,- APBP = c 4

(14)
(15)

regardless of the phase factor exp(i6).
When a change of variable is used that is similar to that
used in Refs. 1, 7, and 8, the coupled equations can be
written as
2
d g =.e*-ig CCOSp +g0
dz
d
.q
dz f = -iey(f c, cos 0 + fa

where

1A'

I

_ C

(16)

- c2),

(17)

= C3-

g = Bp/B,,

C * Cos.

We notice that the only difference is the additional phase
factors ie* and -ie, as compared with the special case (0= r/
2) in Ref. 1.
Equations 116o and (17) can now be integrated, and the
results ar= I-,r + q tanh)wq. z'2+
j/( .cos+.
(2(s
= B,/B = I-,r + q* tanhiic'q*-,z/2+ (')j/(2cos"). (21

2IA;!
c, -ig!2 c,

1 -'fg
C,-

!&,2
12

1-

(23)

!f

AP(O) = BpfO) = 0.

(24)

Using Eqs. (14) and (18)-(21), we have f(0) = g(0) = 0, c:= 0.
and a = 0. and the solutions become
f = q tanhuieqjz/2)
2c, cos H
g=

q tanh(ie*qz/2)
2c, cos 0

(25)

2

where q = 2(cc,) ' .
Consider the special case of b = 0. The solutions of Eqs.
(25) become
a,~z2
f = iqtanlqjz/2)
2c, cos 0
9 =~i
q tan(q yz/2).(
2c., cos

(18)
(19)

Ifg 2 c

-

If we put o = rniZ.. the"solutions of Eqs. (20) and (21)
reduce to my earlier results reported in Ref. 1. Although the
solutions for the general case (o %r/2)look almost formally
identical to those of the special case (o = 7r/2), they are
actually quite different. The hyperbolic tangent of a complex argument has a range between (-1. 11 and (-=, w1,
depending on whether the argument is real or pure imaginary. Thus the value of spatial phase shift will affect the
behavior of energy transfer between the waves.
For the special case of particular interest in which the
cubic crystal is sandwiched between a pair of cross polarizers, the boundary conditions are

where
f = Ap/A,,

f = A/A

12

IB,! 2 =

dz AP = ieyB,(AB."+ AB* cos Nl,,
d
z

P

6
(26)

When 0 = 0 and when we use Eqs. (23). the intensity of the
four waves becomes
IA, P = c,cos 2 q-

0),

A;,1= c:sin-q-,z 2).

B i2 = C.

0

(-'q,z'2).

A,

2

B,;' = c silq-:

)
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2
= 1B,0)1 . Notice that the intensities
of these waves are periodic functions of z. This is distinctly
different from the case when P = 7r/2. The case of P = 0
corresponds to a pure local response of the material. Although the energy is exchanged back and forth between A,
and BP as well as between AP and B, there is no nonreciprocal energy tronsfer. In other words, there ic no unique
direction of enex gy flow as compared with the case when o 5
0. For cases with 0 < IoI < 7r, nonreciprocal energy transfer
is possible according to our solutions [Eqs. (20) and (21)],
with maximum energy transfer at 0 = ±7r/2.
For the case of weak coupling (yL << 1) or little pump
depletion, we may assume that the pump-beam amplitudes
(A,, A,) remain virtually unchanged throughout the interaction. Under these conditions, the coupled equations become

where c, = IAs(0)12, co

bB),

d B, = ie*(-aBP +
dz

1813

We notice that the amplitude of B. may increase or decrease
depending on the polarization state of the pump beam A and
the phase shift o, whereas the amplitude B, is an increasing
function of )z.
In conclusion, we have investigated the photorefractive
coupling of two polarized beams in cubic crystals with a
spatial phase shift ( -e 7/2. An exact solution for the case of
codirectional cross coupling is established. The results for o
= 0, which are distinctly different from those of o = r/2,
indicate that there is no nonreciprocal energy transfer.
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A model is proposed and demonstrated for mutually pumped phase conjugation when two mutually incoherent laser
beams pump each other, producing a pair of phase-conjugate beams through a cross-readout process. The model

considers the buildup of two independent counterpropagating oscillations in a ring resonator containing two-beamcoupling gain media. The experimental demonstration of the model using two photorefractive BaTiO:, crystals in a
ring cavity gave simultaneous phase-conjugate images with good fidelity and no image cross talk. As expected, the
counterpropagating oscillations were slightly detuned in frequency (-1 Hz) from the corresponding pumping beams
with frequency shifts related to the ring-cavity length. Frequency shifts were also observed in the phase-conjugate
beams, with their magnitudes dictated by energy conservation for nondegenerate four-wave mixing.

1.

INTRODUCTION

tals, inside a ring cavity. The resulting two counterpropagating ring oscillations, which are mutually incoherent, are
then used to explain the common characteristics of MPPCs.
including the mutual pumping, the absence of image cross
talk, and the exchange of temporal information. Inaddition, the model predicts a slight frequency shift of a conjugate beam from its corresponding pump, which originates
from the cavity-length detuning. The experimental verification of the model is given in Section 3. Because the photorefractive grating formation and readout processes are
clearly
themutually
two crystals, this model provides
easydifferentiated
understandinginfor
pumped phase conjuga-

3

Recently several papers reported' on a new type of phase
conjugation in photorefractive BaTiO1 in which two mutually incoherent laser beams pump each other to generate the
respective phase-conjugate reflections. These new phase
conjugators, which were implemented in slightly different
configurations within BaTiO:j. exhibited basically the same
properties. Their common characteristics include the following:
1.
by
1. One
ne beam
bfleamn
banitself does not generate a phase-oi,,njugate reflection.
2. Two incident beams can be mutually incoherent (e.g..
from two different lasers).

tion. Finally. we speculate that the type of resonator given
in our model can exist within a single BaTiO., crystal.

3. The phase conjugate of one beam originates from the

other beam i.e., a cross-readout process).

2.

We refer to these phase conjugators collectively as mutually
pumped phase conjugators (MPPC's) because of their common property of mutual pumping. Diagrams for the demonstrated MPPC'sl-:' are shown in Fig. 1. One MPPC,
known as the double phase-conjugate mirror I was first studied theoretically 4 and explained in terms of self-oscillations
in a four-wave mixing process. An alternative explanation
for MPPC's was recently given in terms of hologram sharing.' All the demonstrated MPPC's' - '1rely on the photorefractive stimulated scattering phenomenon known as beam
fanning.5-7 The major distinguishing feature is, as illustrated in Fig. 1. the number of internal reflections from the sides
of the BaTiO, crystal13 : two for the mutually incoherent
beam coupler.2 one for the bird-wing phase conjugatorU and
none for the double phase-conjugate mirror.'
In this paper we propose and demonstrate a new model for
mutually pumped phase conjugation. The model offers a
mechanism for the phase conjugation of two mutually incoherent laser beams interacting in a photorefractive crystal
and possibly explains what occurs in the previously demonstrated MPPC's.) ' The proposed model consists of two
mutually incoherent laser beams pumping two separate two,beam coupling media. such as photorefractive BaTiO crv.

CONJUGATOR MODEL
Referring to Fig. 2. we consider a ring resonator containing a
pair of two-beam coupling gain media, e.g., photorefractive
BaTiO 3 crystals, inserted into the cavity. Each crystal is
pumped by a laser beam to produce a unidirectional ring
oscillation from the two-beam-coupling gain, resulting in
two counterpropagating ring oscillations. This arrangement closely follows the geometry for a unidirectional oscillator (a ring resonator with a single photorefractive crystal
pumped by one laser beam), which was previously studied
and demonstrated. .9 In Fig. 2 the two crystals are oriented
in such a way that BaTiO., # 1 will provide two-wave mixing
gain for a counterclockwise unidirectional oscillation when it
is pumped by laser beam I (PI). and BaTiO 3 # 2 will provide
two-wave mixing gain for a clockwise unidirectional oscillation when it is pumped by laser beam 2 (P0. If the gains are
large enough to overcome the cavity losses, as is the case for
BaTiO, with proper crystal orientation and beam polarization. then oscillations will occur.
Let w, and ., be the frequencies of the two pumping laser
beams with the amplitudes P, and P_. respectively. When
the cavity oscillations occur, the frequencies of the oscillations can be slightly detunied" from those (if the pumping

0741,.224 0i ,-1T.,

,7T-2 ,

(
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Fig. 1. Drawings of the previously demonstrated"' MPPC's. In MPPC's,two mutually incoherent laser beams, E, and E,, pump each other
to generate a pair of phase-conjugate reflections, Ej * and E,, by cross readout of photorefractive holograms. Here, El. E7, El. and E,* are
short notations for E1(r)exp(ik •r - iuit), Ejriexplik, r - iu_,t),
El,(r)exp(-ik, •r - iiit), and E2 *(rexp(-ik2 . r - iut) respectively;

note the temporal-frequency cross talk. The three demonstrated MPPC's are (a)the double phase-conjugate mirror,' (b) the mutually
incoherent beam coupler, and (c) the bird-wing phase conjugator.'
beams and are designated Le + 61 and ,.+ 6,. According to
the theory developed in Ref. 8,the frequency detunings are
given by
=

-

2(.1, + 2m,r)
rA

i =1, 2.

(1)

proportional to RIP,*. When the clockwise oscillation, with
the amplitude R,. + 62, intersects the hologram inside
BaTiO, # 1. it is Bragg diffracted in the direction counterpropagating to P, with the frequency , + 6, + 62. provided
that c and w are close enough to maintain the Bragg condition. We denote the amplitude of the signal generated from
can be
BaTiO., #1 as S,c + 61 + 62). (Note that c, - ,,2

with
AF1,
=2Nr - f.k,ds,

i =1.2,

(2)

where 117, is the cavity detuning for the cavity modes at
frequency w, and is defined between --r and 7r; m, and N,are
integers; r, is the photorefractive response time of the ith
crystal; A is the total cavity loss given by -ln(RTTp),with R
the product of the reflectivities of the cavity reflector,;. T,
the transmission through the BaTiO:1 crystals accounting for
the absorption, surface reflections, and scattering losses tincluding beam fanning), and Tp the effective transmission
through the pinhole aperture (usually placed to confine the
oscillations to the fundamental spatial mode 9 ). The path
integral in Eq. (2) is performed over one round trip inside the
ring cavity, where k, = n,w,/c, L is the cavity length, n, is the
refractive index at ,,and c is the speed of light in vacuum.
The magnitudes of 61 and 6.2
are small (typically of the order
of a few hertz). There is a threshold condition for oscillation

given by8 (assuming m = 0, the lowest-order oscillation)

16*Il
< (,'ri,/A
-.

I

1)(/3
.

where -f, is the degenerate two-beam-coupling gain coefficient for the crystal i, and 1,is the coupling interaction length
inside the ith crystal. When inequality (3) is satisfied, the
gain overcomes the losses and permits the oscillations to
build up, as mentioned above,
We now examine the cross readout of the holograms inside
the photorefractive crystals. Within each crystal, a volume
hologram is formed by the pumping beam and the corresponding unidirectional oscillation beam. For example. a
hologram (moving with a velocity proportional to 61) is
formed by the pump beam P,(c and the counterclockwise
oscillation beam. with the amplitude R ,, + 61), inside the
BaTiO, #1 crystal. The amplitude of the index grating is

R

+ 61 )

R12

2

N/

BaTiO3
#i

Pj(11)
S1 w2 + d
C P1 * w 2 + d

BaTiO3
#2

\\

"
+ d21

+ 62)

P2(2

S2 (w I + di + d 2 1
P

2"1w, + 61 + d2 1
Fig. 2. Diagram of the proposed model of a MPPC. The model is
based on the buildup of two counterpropagating oscillations in a
ring cavity and a subsequent cross-readout process. The ring oscillations with amplitudes (frequencies R,(,l. + 61)
and Rh.(,,
2 + 60)are
generated independently from a pair of two-beam-coupling gain
media (photorefractive BaTiO, crystals #1 and #2) that are
pumped by two mutually incoherent incident beams with amplitudes PI(w,) and P.,(w,). The clockwise oscillation beam R. can
read out the hologram in BaTiOk #1 (depicted as dashed lines), and
if these ring oscillations constitute a spatially phase-conjugate pair,
i.e.. RI - R 2 . then the phase conjugate of pump beam 1 will be
generated IP,*(,.- + 6, + 62)1. Similarly, the counterclockwise oscillation beam R, can generate the phase conjugate of pump beam 2
[P(w, + 6, + 6)]. The frequencies of the pump beams, el and w,
must be nearly equal in order to satisfy the Bragg condition in the
holographic readout process. As indicated, both oscillation beams
are frequency shifted to satisfy the round-trip phase condition for
the cavity. Also. the phase-conjugate beams are frequenc% shifted
according to energy conservation of the nondegenerate four-wave
mixing process.
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tens of gigahertz, and the Bragg phase-matching condition
will still be well satisfied.) A similar situation occurs in
BaTiO3 #2, with R1 (w1 + 61) reading out the hologram in
BaTiOa # 2 to produce a second signal beam S2(w1 + 6, + 69)
counterpropagating with respect to P 2 . According to the
holographic interpretation of four-wave mixing,"' the relationships between the pumps and the oscillations are given
by

SI(W2 +

+ 6) o RI(w,1 + b,)P 1 *(w1 )R.,(. + 62),
S2(w' + 61 + 62) a R 2 (W2 + 62 )P.,( 9. )R1 , + 6 1).
61

(4)

Here, it is important to note that the signal beams S, and S_
can be spatial phase conjugates of the incident beams P and
P 2, respectively, if the two ring oscillationsarephase conjugates of each other. That is, if R, = R 2 *, then S1 a Pi* and
S 2 a P 2 *. Because the oscillation beam path is defined by
the resonator cavity, the two modes of oscillation are exactly
counterpropagating. In addition. the two counteiiropagating oscillations in a stable cavity are exactly a phase-.onjugate pair, provided that they oscillate at the same trr.nsverse
mode. The cavity can easily be forced to oscillate in the
fundamental transverse mode by placing a pinhole in the
beam path, as was done in our experiments. The important
consequence of the two ring oscillations' being a phase-conjugate pair in our model is that it results in the absence of
image cross talk. On the other hand, if the ring oscillations
did not form a phase-conjugate pair but instead consisted of
orthogonal transverse modes, then an image cross talk could
occur by transfer of the dark regions in the nonuniform
intensity distributions on the ring oscillations to the signal
beams during the readout processes.
The temporal characteristics of MPPC's- 3 are different
from that of phase conjugation using a single pump beam,
3
such as self-pumped phase conjugation"-" or stimulatedOa
photorefractive backscattering1 4 Although the spatial
wave fronts are reconstructed, the frequencies of the phaseconjugated beams from MPPC's are exchanged and modified. The phase conjugate of pump beam 1 has a frequency
of W2 + A. and the phase conjugate of pump beam 2 has a
frequency of wi + A, where A = 61+ 6.2. In other words, the
phase conjugate of beam 1 originates from beam 2, and vice
versa; the temporal characteristic of one pump beam is
transferred to the phase conjugate of the other pump beam.
The situation is similar to that of four-wave mixing when the
grating written by two mutually coherent beams is read out
by a third (reading) beam that is mutually incoherent with
respect to the writing beams.
The counterpropagating ring oscillations illustrated in
Fig. 2 and described above can occur within a single BaTiO 3
crystal. By virtue of total internal reflections at the surfaces, the crystal can act as an optical cavity that is capable
of supporting many modes. These types of internal oscillation were suggested 9 1. 2 . 13. to explain the frequency shift in a
self-pumped phase conjugator.' For the MPPC. one may
consider that each incident beam initiates a unidirectional
ring oscillation within the crystal, in accordance with the
model given above. When both beams are present. counterpropagating oscillations occur, which lead to mutually
pumped phase conjugation.

1745

3. MUTUALLY PUMPED PHASE
CONJUGATOR EXPERIMENTS AND RESULTS
A. Phase-Conjugate Images
The experimental arrangement used to check the phaseconjugate imaging properties of the proposed model is
shown in Fig. 3. The 514.5-nm output of an Ar laser was
first passed through a Faraday cell to isolate the laser from
phase-conjugate feedback as well as from any other reflections. The polarization of the output was oriented to excite
extraordinary waves in the BaTiO 3 crystals. A beam splitter BS, separated the output into two beams, which were
expanded, then transmitted through image transparencies
T 1 (spoke pattern) and T 2 (U.S. Air Force resolution chart),
and finally focused into the BaTiO3 crystals #1 and # 2,
respectively. When we used BS 2 , a portion of the incident
laser beam was reserved for precisely aligning the ring cavity
and was normally blocked by a shutter. The ring cavity
consisted of a stationary 100, reflecting mirror, a 1007
reflecting mirror mounted on a piezoelectric translator, PZT
# 2, and a 95% reflector, BS:1; all these reflectors were flat.
The ring cavity was aligned by monitoring the interference
on a silicon photodetector, D, as a function of cavity length
controlled byPZT #2. When the mirrors of the cavity were
properly adjusted, the cavity finesse (F) without the two
BaTiO 3 crystals was observed to be fairly high (F t 40).
However, when the crystals were inserted and the cavity was
realigned, the finesse was significantly reduced, to F - 2, as
one would expect from the losses due to crystal-surface re-
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Fig. 3. Experimental arrangement for phase-conjugate imaging
with the MPPC shown in Fig. 2. where image-bearing beams pump
the photorefractive crystals. The phase-conjugate beams were projected onto the film planes without using an"y imaging optics.
POL,. POL. polarizers: '2. half.wave retardation plate; BS;-BS
beam splitters: D. silicon detector: T.. T. image transparencies. L,.
L. lenses: PZT# 1. PZT# 2. pieoelectric translators
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flections and absorption. Despite the poor cavity finesse.
ring oscillations occurred in our experiments because the
two-beam coupling gain of the crystals could still \overcome
the cavity losses. The ring oscillations built up iand were
sustained even with the placement of a pinhole (-200-iurn
diameter) inside the cavity to confine the oscillations to the
fundamental spatial mode.
The two incident pumping beams in the MPPC were made
mutually incoherent so that competing photorefractive gratings did not form. This mutual incoherence was achieved
with the previously demonstrated MPPC's 1 - 3 either by simply removing the 6talon from the Ar+ laser and making the
optical path lengths between the laser and the photorefractive crystal for the two incident beams differ by more than
the Ar+ laser coherence length (-3 cm) or by using two
different lasers. In our experiment, shown in Fig. 3, removing the 6talon will not work because each incident beam
must be coherent with its respective unidirectional ring oscillation, with the implication that a coherence length greater than the ring-cavity length is required.

2.0 cm

Yeh et al.

One way to obtain mutually incoherent pump beams P
and P0 while at the same time maintaining a coherence
length greater than the ring-cavity length is to use two independent Ar+ lasers, both with 6talons installed, operating on
the same laser line. However, our solution for the dual
requirement was to use a single Ar laser and frequency shift
one of the pumping beams with respect to the other, thereby
mimicking mutual incoherence by taking advantage of the
slow photorefractive response time. The coherence length
of our Ar+ laser, with an 6talon installed, was approximately
10 m, making both the clockwise and counterclockwise cavity oscillations coherent with their corresponding pump
beams P 2 and P1,respectively, since the ring-cavity length
was approximately 50 cm. One of the pump beams was
Doppler frequency shifted by approximately 1 kHz by using
a moving mirror mounted on PZT #1.
Introducing the
1-kHz frequency shift does not make the beams mutually
incoherent in the usual sense, but it does simulate mutual
incoherence within the BaTiO 3 crystals because of the slow
(in the 1-Hz range) photorefractive response time. That is,

1.5 cm-t

(a)(b

Fig. 4. Photographs of the incident and phase-conjugate images produced by the setup in Fig. 3: Ial incident pump beam I ispoke Chart). tbli
incident pump beam 2 1U.'S..Air Force resolution chart P,id phase conjugate of pump beam 1. and fd) phase conjugate oif pump beam 2. As predicted b%the model, no image cross talk was visible in the two images. The fidelitY of the phase -conjugate beams%was good: the smallest bar resolv able in; dl corresponds to approximatelyv 6-linemm resolut ion.
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struction through phase aberrators, the quality of the reconimages was not so good as expected. We speculate
part of the problem arises from the way in which the
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pump and oscillation beams intersect in the crystals. The
model assumes that there is complete overlap between each
pump beam and the corresponding unidirectional ring oscillation.

ALIGNMENTPN
CV2
SHUTE

However, if the diameters of the pump beams are
large compared with the beam diameter of the fundamental

cavity mode inside the crystals, then each holographic readout beam will not contain all the spatial information from
the corresponding incident pump beam. This seems to be
5S3
1,/
NO,
a

:5.

case when the aberrations are used, because the beams
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cannot be focused so tightly. We believe, however, that this

2

A

not be a problem in a crystal resonator with internal

ND2may

c
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S7
.20 ..
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ND
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~

reflection (as in Refs. 11-13). There, the crystal is free to
choose all the proper modes and interaction volume required
to produce high-fidelity phase-conjugate beams.
B. Frequency Shifts
The proposed resonator model also predicts the existence of
frequency shifts in the phase-conjugate beams, as we have

B

_D

0

4

Dl(dl)
*

Fig. 5. Experimental arrangement used to eA,:mine the frequency
shifts generated by the MPPC shown in Fig. 2. Four interler(neters were constructed to monitor simultaneously the beat frequencies in the two counterpropagating ring oscillation, and the two

01,

phase-conjugate signals relative to the appropriate reference beams:
POLI. POL,. polarizers: ,\
'2. half-Aave retardation plate: BS -B.S;:,.
beam splitters Di-D 4. silicon detectors: ND -ND,. neutral-densit.
filters: PZT# 1. PZT# 2. piezoelectric translator-.
D 2 (d 2 )
no photorefractive gratings would form directly from the
rapidly moving interference patterns generated by light
from both pumping beams.
The phase-conjugate images were recorded on photographic films # I and #2. The distance between film #I
and BS 4 was identical to the distance between T , and BS 4

(and similarly for film #2) so that the phase-conjugate
beam would be imaged at the film. No additional optics
were used to image the phase-conjugate beams onto the film
planes. The resulting images are shown in Fig. 4. Compared with the input images shown in Figs. 4(a and 4(b). the
phase-conjugate images have good fidelity, as evidenced in
Figs. 4(c) and 4(d i. In addition, there is no indication of any
image cross talk: no horizontal or vertical bars are superimposed upon the phase-conjugate image of the spoke pattern.
for example.

D 3 (A)

D4(A)

The phase conjugate of beam I clearly origi-

nated from beam 2: when beam 2 was blocked, the phase
conjugate of beam I disappeared instantly. Additionally. as
expected, when beam 2 ws blocked, the phase conjugate o
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checked experimentally by using the arrangement in Fig. 5.
The setup is similar to that of Fig. 3 but without image
transparencies in the pump beams. Instead, four interferometers were constructed to monitor the relative frequencies of four beams simultaneously: the two phase-conjugate
beams and the two counterpropagating cavity oscillations.
The detectors D, and Dq monitored the two counterpropagating unidirectional oscillations that interfered with the
corresponding pump beams, thereby measuring the detuning frequencies 6, and 62. The detectors D 3 and D 4 monitored the frequency shift .in the phase conjugates of beams
2 and 1, respectively. From conservation-of-energy considerations for the nearly degenerate four-wave mixing occurring in BaTiO3 # 1 and in BaTiOr: # 2, as illustrated in Fig. 2,
both D:3 and D4 should measure the same A.

Typical results from the frequency-detuning experiments
are shown in Fig. 6. From the output of D, and D2 , b1and 6.
were measured to be -0.13 Hz (2.5 fringes per 20 sec) and
-0.55 Hz (11 fringes per 20 sec), respectively. DA and D 4
both gave nearly the same A of -0.68 Hz (13.5 fringes per 20
sec). which agrees with the theory, A = 61+..'62.
The frequency shift . can be positive, negative, or zero, depending on the
cavity-length detuning. as controlled by PZT #2. The
signs of the frequency shifts were checked by simultaneously
noting the direction of fringe movement in each of the four
interference patterns produced by the four interferometers.
The signs of 61, 6.,,
and A were all the same for a given ring
cavity length. and they were reversed in a controllable way
by changing the cavity length. The phase-conjugate signals
had some long-term fluctuations, of the order of seconds, as
evidenced from the signal in D and D 4 in Fig. 6. We attribute this mainly to variations in cavity length from air currents.

4. DISCUSSION
The observed frequency detunings of the two counterpropagating ring oscillations were consistent with the predicted
values given by Eqs. (1)and (2). For the lowest-order oscillation (i.e., m = 0), the frequency-detuning difference 62 - 61
is given by
1(
2r( 1
6.,-6 =
,
(5)
"TA
7r
rwhich
2
where the cavity detunings are assumed to be equal AF =
.%F = Ar) by neglecting any nonreciprocal change in the
optical paths of the two counterpropagating ring oscillations. The measured frequency-detuning difference 62 - b,
of 0.42 Hz is consistent with the observed photorefractive
time constants of rl - 0.10 sec and r = 0.025 sec at the
intensities used in our experiments (typically -1 W/cm 2).
The time constant r,that is shorter by a factor of 4 can easily
be accounted for by the differences in the crystal parameters
and orientations,
In our experiments the intensities of the output signals S1
and S2 became unstable when the two pump beams were
coherent. We speculate that the instability arose from the
competition among various index gratings formed by the
mutually coherent beams. This type of instability has been
observed experimentally in other NIPPC's.2'
Our model for .MPP("'Should not he restricted to photorefractive crystals only. The coupling gain is also possible in
Kerr media if nondegenerate two-beam coupling is used.'

','eh
etat.

T/
A

(bi

Fig. 7. Possible internal oscillations producing MPPC in (a the
mutually incoherent beam combiner 2 and tb) the bird-wing phase
to the preferential direction in two-beam couOwing
conjugator.'
pling at the two
interaction
regions ior photorefractive gratings), A
and B. the solid-line portion of the counterpropagating internal
oscillation is more intense than the dashed-line portion.

That is, by moving the grating at a rate comparable with the
inverse of the response time of the medium, one can achieve
the phase shift between the intensity pattern and the resulting index grating, which is necessary for energy coupling. A
unidirectional ring oscillator using sodium vapor as the gain
medium was already demonstrated.1 Therefore it is conceivable that two such Kerr media can be used to construct
this type of MPPC.
Finally, further investigations are needed to verify whether the proposed model accurately describes the previously
demonstrated MPPC's.1
Although one of the previously
reported MPPC's appears to exhibit oscillations internal to
the crystal,: it has not shown the frequency shifts predicted
by our model. Possibilities of these internal oscillations for
two of the demonstrated MPPC's are shown in Fig. 7. Further experiments are suggested. For example, one can
blacken12 the crystal surfaces of a BaTiO, MPPC to eliminate the internal oscillations because mutually pumped
phase conjugation supposedly disappears when the ring oscillations cease, according to our model. These types of
verification will be included in a future report.
5

CONCLUSION

We have presented a new model of mutually pumped phase
conjugation for producing phase conjugates of two mutually
incoherent incident beams. The model considers the buildup of two independent counterpropagating oscillations,
form a phase-conjugate pair, in a ring cavity containing two-beam-coupling gain media, such as photorefractive
crystals. Cross readouts of the holograms in the gain media
by the two oscillation beams generate the two corresponding
phase-conjugate beams. The model predicts that there will
be no cross talk of spatial information between the two
incident images and that the frequencies of the phase-conjugate beams will be governed by the cavity-length detuning.
We have verified these predictions experimentally by using a
ring cavity with two BaTiO:j crystals, pumped by two mutually incoherent beams from an Ar* laser. The phase-conjugate images showed good fidelity and no image cross talk,
whereas the observed frequency detunings were controlled
by varying the cavity length and were constrained by the
conditions for nondegenerate ftur-wave mixing.
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Experimental investigations are presented of cross olarization two-beam coupling in a photorefractive GaAs
crystal, in which two mutually coherent laser beams with the same polarization state (e.g.,
s waves) interact to
generate and couple energy into an orthogonally polarized beam (p wave). We demonstrate cross-polarization
coupling of 1.06-,um YAG laser beams (both cw and pulsed pin a semi-insulating single crystal of GaAs and show that
the coupling coefficient is -0.4 cm - '. The experimental data are shown to be in good agreement with the
theoretical results for the weak-coupling regime: the theoretical results are calculated from a set of coupled
equations describing generalized two-beam coupling in cubic photorefractive crystals. The photorefractive response time of our crystal is also determined using nondegenerate cross-polarization two-beam coupling and is
shown to be approximately 0.5 msec at the total intensity of 1 W/cm- .

1.

INTRODUCTION

Two-beam coupling in photorefractive crystals, in which two
mutually coherent beams interact to transfer energy from
one beam to the other, has been studied extensivelv. I
Its
potential applications to many areas of advanced optics include image amplification, 4 .., vibration analysis.' laser-beam
processing, 7, and novelty filtering.9 Most of the demonstrated applications utilize oxide materials such as barium
titanate (BaTiO:). bismuth silicon oxide (BSO). and strontium barium niobate (SBN) because of their large two-beam
coupling coefficients. However. semiconductor photorefractive materials such as GaAs," -12 InP, l.I : and CdTe (Ref.
14) in general have faster response times than the oxides."'
Two-beam coupling in photorefractive crystals can take
two different forms, depending on the polarization states of
the coupled waves. 16 The first form is the usual two-beam
coupling, which we shall call parallel-po!arization coupling,
in which two laser beams (a probe and a pump) of the same
polarization state interact to transfer energy from the pump
to the probe, while preserving the polarization state of both
beams. In fact, it is the parallel-polarization coupling that
has been analyzed in Refs. 1-3 and demonstrated in Refs. 414.
In the second form, cross-polarization two-beam coupling,
two laser beams of the same polarization state (s waves, e.g.)
can interact in a photorefractive crystal to generate a wave in
an orthogonal polarization state (p wave) and transfer energy into it. The fact that the polarization state of the probe
can change under the influence of the pump in two-beam
coupling was recognized and applied to modulate the intensity of the probe beam in BSO (Ref. 17) and GaAs.)' However. the energy-transfer aspect of cross-polarization coupling was not fully realized until the theory, based on nonlinear coupled equations. was formulated."
Since then we
have presented1 9 ' some comparisons of experimental results with the calculations made from the coupled-wave theory. Cross-polarization coupling arises from the hirefringent nature of the induced index grating inside photoretrac0740,.3224

.C

(Is) 744.
4,

l

'I .

tive crystals.
What is required is the phase-velocity
matching of the two orthogonally polarized beams, which is
not generally possible in BaTiO: and SBN because of the
optical anisotropies, except along certain special directions.
In cubic crystals such as GaAs. InP, and CdTe the electrooptic tensor element r 41 (=r 5 2 = r.1) can provide cross-polarization coupling for a wide range of beam geometries. The
unique property of cross-polarization coupling-that the information of the probe can be transferred from one polarization state into the orthogonal state by the presence of the
pump-has potential applications in optical-image and
L -signal processing (e.g., spatial light modulators) 2.
In this paper we present the results of experimental investigations of cross-polarization two-beam coupling in a photorefractive GaAs crystal. We report the successful demonstration of cross-polarization coupling using both cw and
pulsed 1.06-sm Nd:YAG laser beams. We use a codirectional two-beam-coupling geometry with the grating wave
vector parallel to the 110,
O direction, which is different from
that of a recent report.2- ' The polarization of the probe,
after its interaction with the pump. is analyzed as a function
of the initial polarization state of the pump, and its dependence is shown to agree well with predictions based on the
nonlinear coupled-wave theory."' Also reported is a measurement of the photorefractive response time using nondegenerate cross-polarization two-beam coupling. In Section
2 the theory of the cross-polarization coupling is reviewed
briefly. There, we modify the theory slightly to include the
effects of bulk optical absorption. The experiments mentioned above and their results are described in Section 3.
2.

THEORY

Cross-polarization two-beam coupling, which is significantly
different from the cc.iventional two-beam (parullell coupling. must be analyzed with a generalized formulation.";
The conventional coupling. a, given in Refs. 1-3. cannot
predict the cross-polarization coupling and must be extended. Consider a two-beam coupling geometry, as shown in
c I q,, Opt wal S,ciet % d Amneri a
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where 31 and

2

O
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(either positive or negativel are the z compo-

nents of the wave vectors k, and k 2 , respectively, o is the
spatial phase shift between the intensity fringe pattern and

al

the index grating, I0is the total intensity of the input beams
(=A,*As + Ap*Ap + B,*B + B,*Bp), 0 is the angle between
the beams inside the crystal, a is the bulk
optical absorption
coefficient, p is the permeability of the crystal, f0 is the
permittivity of the vacuum, n is the refractive index of the
crystal, R is the electro-optic tensor (third rank), and Esc is
the space-charge electric field. The polarization vectors P,
and P2 indicate the p-polarization states of the pump and

probe beams, respectively.

Ga~s

--A

Zplings.
p 0

0

L
L)
sBs(L)x

PUMP (k)

(0

Fig. 1. The crystal and beam geometries of cross-polarization twobeam coupling used in this work.
Fig. 1, ignoring the crystal orientation for the moment. Assume that all the waves have the same frequency. , and that
the crystal does not exhibit optical activity. The polarization of each beam (a pump and a probe) consists of a linear
combination of the two orthogonal polarization states, s and
p states in our analysis, where the s and the p polarizations
are defined to be perpendicular and parallel to the plane of
the beams, respectively. The coupled-mode equations for
the four waves with their amplitudes A,, Ap. B,. and Bp are
then given by"'
dA,
dz

d
dz

,

)

There are many possible configurations for parallel- and
cross-polarization couplings, as shown in Fig. 2. The lefthand column of Fig. 2 [i.e., Figs. 2(a), 2(c), and 2(e)] shows
some geometries for codirectional two-beam coupling
(beams entering the same side of a crystal face), and the
right-hand column [Figs. 2(b), 2(d), and 2(f)J shows some
geometries for contradirectional two-beam coupling (beams

any polarization state of the incident beams, but cross-polarization coupling is permitted. The geometries in Figs. 2(c)

i

-

and 2(d) permit parallel-polarization coupling but not crosspolarization coupling. Finally, in Figs. 2(e) and 2(f) no
coupling (parallel or c-o,*; polarization is permitted for any
polarization state of the incident beams.

+ F,.4)(A, B,
(,

e'

+

(FB

23, 1(

The configuration of interest for this work is that of Fig.
2(a), the codirectional cross-polarization coupling in which
no parallel-polarization coupling is permitted. In this geometry, because the grating wave vector is parallel to the

B)(AB
p.rp
[11

110) direction, it can be simply shown by using Eq. (3) that
r,,, = Fp, = 0 and F, * 0. The coupled equations given in
(1) can then be simplified as
= _
BV
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entering from the opposite sides of the crystal). For the
geometries in Figs. 2(a) and 2(b), the electro-optic tensor is
such that no parallel-polarization coupling is permitted for
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rP2 are the cross-polarization coupling coefficients. For a
cubic crystal with point-group symmetry ,3m, r is given
by16,23
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Thus, using the initial conditions A,(O) * 0, Ap(O) ; 0, B,(O)
#0, and BP(0) = 0, we can derive the following approximate
solutions for the probe-beam intensities:

Y

IB,(z)l 2 = IB,0) 2 1 + AA* -YZ e

b)
< 0 0>

< 01 >

< 11 >

rss = rpp=O. rspO

o
2,
value
from itsofinitial
increase
)1 may
IB(z the
beam,
Note that
intensity
of or
thedecrease
s component
the
probe
In
beam.
depending on the polarization state of the pump

< 11o>

t<01>
(W

(d)

Xbeam,

calthough

~ly,
<40c>

/L __Jcoupled
<imo>
<o1>
= rpp * o. rSp =o

<11o>

rss * o. rpp = rsp = oaSS

'\i

1 /'
[e)

< 10>

<11 >

< 01>

Spolarization
(f)

< ilo>

rss = rpp = rsp =o
rss = rpp = rsp = o
two-beam coupling
for
geometries
beam
and
crystal
F.2.Various
(c), and (e) Show
(a),
symmetry.
point-group
,3m
in a crystal with
the variations of codirectional two-beam coupling. (b). (d). and (f)
Show the variations of contradirectional two-beam coupling. In (a)
and (b) cross-polarization coupling is permitted but not parallelpolarization coupling for any polarization: in (c) and (d) parallel-

polarization coupling is permitted but not cross-polarization coupling; in (e) and (f) no two-beam coupling is permitted. The two
beams are assumed to enter the crystal symmetrically in these figures.
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addition, the intensity of the p component of the probe
IBp(Z)12, is nonzero except at z = 0. This means that
there is no p component in the probe beam initialbe
the p component will be created, and energy will
into it from the s component of the pump beam as it
passes through the crystal, thus producing cross-polarization two-beam coupling.
3.

t<oo1>

t<o0>

(6 )

IB p( 1 = /B (0 )[. 9IA 0I z2 e _ ,

< 00 >

= rpp= o. rsp

rss

,

(5)

X
where X is the vacuum wavelength of the beam. In deriving
Eqs. (4) we assume the phase shift between the light-intensity modulation and the index grating to be optimal, o = 7r/2.
Note that the coupling constant 1 is real and is the same for

both parallel- and cross-polarization couplings. There are
two contributions to the holographic index grating in Eqs.
(4), the A$BS* (or AsB,) and A.Bp* (or Ap*Bp) terms. The
relative phase of these two contributions is important because it determines whether the two terms enhance or destroy the index grating. Thus the energy exchange among
the four waves critically depends on the input polarization
states.
The exact solutions for all four waves in Eqs. (41 can be
derived as demonstrated in Ref. 16. However, in our experirnents the coupling coefficient I was only-approximately 0.4
cm - ', giving -yL a 0.2. where L (=0.5 cm) is the interaction
length. One can therefore apply a weak-coupling approximation, " L << I. which assumes no pump-beam depletion.

EXPERIMENTS AND RESULTS

The experimental configuration for demonstrating crosstwo-beam coupling is illustrated schematically
in Fig. 3. The 1.06-)Im output of a cw Nd:YAG laser was
roughly collimated by a lens (L 0 ) and split into two beams,
the pump and the probe, by a beam splitter (BS) with 900
P i
calcitebypolarizers
polarized
reflectivity.
L and
twoL2,beams
were by
lensesThese
focused
50-cm focal
length
and P 2, and intersected in a semi-insulating (undoped)
GaAs
the crystal. The intensimatel 1 mm just before entering
approxiwas
beams
both
crystal. The beam diameter of
ties of the pump and the probe beams were approximately 1
W/cm2 and 10 mW/cm 2 , respectively, and the angle between

the beams was 900 outside the crystal. A neutral-density
filter ND was used in the probe beam to achieve the desired

intensity ratio between the pump and the probe beams.
The half-wave plate X./2 was used in the pump beam to
control the initial mixture of the s and p components. Also,
a chopper CH was used to modulate the pump beam at
approximately 100 Hz. Finally, the probe beam transmitted through the crystal was analyzed by a polarizing beam
splitter PBS, and the p and s components were simulta-
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Fig. 3. The experimental arrangement used to demonstrate crosspolarization two-beam coupling
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the light intensity coupled into the p-polarization compo-

_ __..

..

._

Fig. 4. Typical oscilloscope traces of the signals from D1 and D2
(see Fig. 3). demonstrating cross-polarization two-beam coupling:
top trace, s-polarization component of the transmitted probe beam,
IB,(L)12, with the pump beam on; second trace from the top, ppolarization component of the transmitted probe beam, 1B (L)12 ,
with the pump beam on; third trace, the zero-level of IBpiL) r with
the probe off; bottom trace, the zero level of tB,(L)12. The triggering
cursor (labeled +) indicates when the chopper turned off the pump
beam.

neously monitored by photodetectors D, and D.,, respectively. The crystal orientation used in our experiment is shown
in Fig. 1, as discussed in Section 2.
Typical oscilloscope traces of the signal, as detected by DI
and D 2 , for initially s polarized pump and probe beams are
shown in Fig. 4. In this example cross-polarization coupling
is demonstrated explicitly; the probe beam gains energy in
the p-polarization component, although the probe and the
pump beams were initially purely s polarized. The signals
were averaged in a digital storage oscilloscope in order to
average out the laser-intensity fluctuation, which was approximately 10'/ in our cw-laser output. The top two traces
of Fig. 4 represent the s- and p-polarization components of
the transmitted probe-beam intensity IB.(L)[2 and BP(L)2.
The modulation in the signal is from the pump being
chopped, showing the cross-polarization coupling gain when
the pump is on. The triggering cursor (labeled +) indicates
when the pump is turned off. (Note that the scales in the
top two traces are different.) The lower two traces represent the corresponding background-noise levels obtained by
blocking the probe beam [IB,(0)[ 2 = IB,(0)l-' = 01, thus monitoring the pump beam that is scattering spuriously into the
detectors. Another source of the background noise, which is
not indicated in the oscillograph, is the leakage through the
polarizers. With the crystal removed and the pump turned
off, the extinction of the probe between P2 and PBS (what
D, sees) was measured to be approximately 10- 6 . which is
what one expects from good-quality calcite polarizers.
However, with the GaAs crystal inserted, the extinction
dropped to -10-, probably because of the birefringence
induced by imperfections within the crystal.

nent. In any case, what is significant about the traces in Fig.
4 is that they clearly indicate the presence of cross-polarization two-beam coupling: with no p-polarization component
initially, the probe beam gains energy in the p-polarization
component. In this particular example the s-polarization
component also gains energy. However, it can lose energy
according to Eqs. (6), and, indeed, this is exactly what we
observed for certain initial pump-beam polarizations, as
shall be shown below.
The experiment described above was repeated using 70Asec and 20-nsec (Q-switched) Nd:YAG pulses at 1.06 Am.
The experimental arrangement was identical to that of Fig.
3, except that L1 , L,, and the chopper were removed. The
results of the 70-usec-pulse experiment, with both the pump
and probe beams initially s polarized, are shown in Fig. 5. In
these scope traces only the p-polarization component of the
transmitted probe beam is shown. The top trace shows
2
BP(L)12 with the pump on: the middle trace shows Bp(L)1
with the pump off, indicating the amount of the probe-beam
leakage through the polarizers; the bottom trace shows the
pump beam scattering into DI when the probe was blocked.
Again, these traces clearly indicate the presence of crosspolarization two-beam coupling. The cross-polarization

coupling in the pulsed regime was accomplished within a
single pulse; no pulse averaging was used. The results of the
20-nsec experiments were similar to those of the 70-usec
experiments and are not repeated here.
To compare our experimental data with the theoretical
calculations from Eqs. (6) we have repeated the cw experiments described above for various initial pump-beam polarizations. Equations (6) can be further simplified using the
approximation that the pump intensity is much stronger
than the probe intensity, a condition satisfied in our experiments. The solutions for the transmitted probe beam can
then be written as

IB,(L)12 , B(0)12 [1

+ -yL sin(2

IBP(L)I2

L)"'cos4 ]e,

IB,(O)[ 2

)je - L,

(7)

R

This small

leakage is not important for the .s-polarization component of
the transmitted probe beam but becomes important for the
-lcomponent.
p-polarization oespecially
when the cross-polarization coupling gain is small. However, in our experiments
the leakage was insignificant hecause it was less than I- of

Fig. 5. Typical oscilloscope traces of the cross-polarization cou7
ping signal (from Di for 0-isec pulses at .ooi "m. top trace.
BLii- with the pump on; middle trace. B iLi -with the pump ,,1.
h(;ttom trace, with the pump on and the prohe off to measure the
spurious pump scattering into the detector
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where the polarization of the pump beam is linear and forms
an angle t with the s-polarization direction. We can see
°
from Fig. 1 that is 00 (or 1800) for a purely s wave and 90
for a purely p wave. In our experiment various pump-beam
(linear) polarizations were achieved by rotating the halfwave plate (Fig. 3), while both IBIL)12 and IB,(L-1 were
monitored simultaneously. The experimental results and
the comparison with the theory are shown in Fig. 6. To
emphasize the ac component of the signal, we have plotted in
Fig. 6 the normalized quantities defined as/
= sin(2

-1

2
Normalized IBp(L)1

1B (L)IF.

lB (LIP

(.L)BO)12e,,L

The solid curves are the theoretical fit to the experimental
data points. In general there is good agreement between the
experimental points and the calculated values, indicating
that the theory, as well as the approximations used in deriving expressions (7). is valid. The slight asymmetry in the
experimental points is attributed to the nonuniformity of
the half-wave plate, which would affect the initial pumpbeam polarization state. Similar cross-polarization two"
beam coupling results were recently reported ' for a contrausing an
geometry
coupling
directional cross-polarization
2(b).
Fig.
in
shown
as
crystal,
GaAs
xyz-cut
The coupling coefficient can be calculated from Fig. 6 and
expressions (7). We can solve for the coupling IL by taking
the ratio of the measured value of B,(L IL and IB,(L)I- at - =
0. Using the measured interaction length L of 0.5 cm, we
have calculated the cross-polarization coupling coefficient -,
to be approximately 0.4 cm-. This value is consistent with
24
the gain coefficient measured for parallel-polarizat ion cou101
1 orelative
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Fig. 7. The cross-polarization coupling coefficient versus the frequency detuning of the probe beam in nondegenerate photorefractive two-beam coupling. From the degradation of the coupling
In
efficiency the photorefractive response time T can be calculated.
this experiment T is measured to be -0.5 msec at 1 W/cm 2 and -0.2
msec at 10 W/cm2. The solid and dashed curves are the theoretical
fits to the experimental data for I and 10 W/cm-, respectively.
piing in the same sample. According to the theory the gain
coefficients for both parallel- and cross-polarization coupling should be the same.
The photorefractive response time of our GaAs crystal was
measured using nondegenerate cross-polarization coupling.
Here, the frequency of the probe beam was shifted relative to
the pump beam, and the degradation in the cross-polarization coupling efficiency was monitored. To frequency shift
the probe beam, a pair of acousto-optic (AO) cells. each with
an approximate 5-MHz bandwidth centered at 80 MHz. was
cascaded so that a frequency upshift from the first cell could
be nearly compensated for by a frequency downshifi trom
the second cell. Using this arrangement and varying the
driving frequency of the two AO cells. we have
achieved a frequency detuning ranging from appriximatel\
100 Hz to 10 MHz (with approximately 100-Hz resolutin .
which isthe range needed for the measurement of t he ph.
torefractive response time in GaAs. The experimental at
rangement for these response-time measurements wa%-es-

s polarized throughout this experiment.
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Nondegenerate two-wave mixing in ruby
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We demonstrate energy exchange by nondegenerate two-wave mixing in ruh\. Our results are in agreement with
the theory of nondegenerate two-wave mixing when the theory is generalized to take into account a complex
nonlinear index. Two-wave mixing gain exceeding the absorption and reflection losses is demonstrated. and we
show that these experiments provide a simple and accurate method for determining the complex nonlinear index.
response time, and saturation intensity of the medium.

In two-wave mixing (see Fig. 1) the interference of two
light waves results in a spatial modulation of the optical susceptibility of some medium. The two waves
then interact through this grating. and a net energy
transfer between the two waves takes place when the
grating is shifted in phase with respect to the interference pattern. Energy transfer is observed in photorefractive media, where a phase shift of approximately
90' results from the grating formation process.' In
other media, where the grating is usually in phase with
the interference pattern, it is possible to produce a
phase shift between the grating and the interference
pattern, and to observe energy transfer, by moving the
grating at a rate comparable with the response time of
the medium. This can be accomplished in one of
several ways:

ing the absorption and reflection losses, indicating
that NDTWM can be used for optical amplification.
and we point out that these experiments provide a
simple and accurate method for determining the complex nonlinear index, response time, and saturation
intensity.
For a light wave of intensity I much less than the
saturation intensity 1, in ruby. the refractive index is
given by
where no is the linear refractive index and the nonlinear index n2 is complex to account for changes in the
absorption as well as the refractive index:

by nondegenerate two-wave mixing

(NDTWM) in which a frequency shift between the
interference patin a moving
results
waves the
interacting
itself,2 or by using the
medium
tern,
by moving
Lorentz force to move the free-carrier grating in a
semiconducting medium.. NDTWM takes place in
such stimulated scattering processes as Rayleigh line,
Brillouin, Rayleigh wing, and Raman scattering. In
these processes the corresponding nonlinearity is increased by the resonant Q, Q = f/Af (for backward
stimulated Brillouin scattering in CS.,, Q -- 100).
However, since the corresponding nonlinearities (Kerr
effect, in which a change of polarizability of individual
molecules is due to field-induced deformation and reorientation, and electrostriction and absorptive thermal nonlinearities) are small to begin with, the power
densities required for these effects to be observed are
still very large (-10 MW/cm 2 . It is therefore surpris-

ing that NDTWM in saturable resonant media has not
been investigated extensively, since the corresponding
nonlinearities can be many orders of magnitude higher
and the power densities required can be many orders
of magnitude lower. To our knowledge there are only
two other reports of such investigations, one using

n, = n,-in,".

(2)

The problem of NDTWM in media with a refractive
index described by Eq. (1) is solved in Ref. 7. For a
pump of intensity I interacting with a much weaker
probe wave of intensity I2,
/
0-r
)
.+
a L.
(3)
2(L) = lo(0)exp
"
NONLINEAR
MEDIUM
M

i

L

2
GRATING

Z

sodium
vapor 4 and another using a fluorescein-doped
5

glass.
In this Letter we present the details of our
work on NDTWM in ruby. We show that our results
are in agreement with the theory of NDT\VM- when it

Fig. 1. Schematic of two-wave mixing. Two beams interfere in a nonlinear medium and modulate the optical susceptibilitv to produce a grating. When the frequency shift
between the two beams is of the order of the response time of
the medium, the modulation of the optical susceptibility is

is generalized to take into account a complex nonlinear

shifted spatially with respect to the interference pattern.

index, we demonstrate two-wave mixing gain exceed-

and one beam gains energy from the other.
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applied to the PZT. a square-wave signal (trace di
results for the transmitted probe. In the left half of
the photograph the voltage applied to the PZT is decreasing, the probe is upshifted with respect to the
pump (negative 5). and energy flows from the probe
wave into the pump wave as indicated by the fact that
trace d drops below trace b to a level
,-. In the
o t lL.
right half of the photograph the voltage applied to the
PZT is increasing, the probe is downshifted with respect to the pump, and energy flows from the pump
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-wave

into the probe wave as indicated by the fact that

trace d rises above trace b to a level IL,
,-_0

10

By varying the period of the the triangular voltage
wave driving the PZT and measuring 1,L. 0), IiL. 6- .

-,

DETUNING

Fig. 2. Calculations of the nondegenerate two-wave mixing
gain as afunction of the frequency detuning between the two
waves for various ratios r of the imaginary to real parts of the
nonlinear index n,,
where the coupling coefficient
•n. -i

X cos(0/2)

is given by

-1

-L,

(4)

CIL"

and I,(L, 6' ) , one can obtain the two-wave mixing gain
parameter - 1(6) defined by Eq. (5). Figure 5 shows
fits of 1 6)to measurements made at 488 and 580 nm
'using a dye laser). At both wavelengths. 1it6)
is
approximately antisymmetric. indicating that the
contribution due to the refractive-index grating dorninatesover that due to the absorption. At 488 nm. Eq.
15) with r = 0 provides a good fit to the data (solid line
in Fig. 5. The fit gives a value for the excited-state
lifetime 7 = :3.4 msec and for the nonlinear index n,
10- cm 2 'W. (If one is careful in measuring the

The detuning 6 is the product of the frequency difference between the two waves and the response time of
the medium [6 = (,: - C)7], r = n"/n,. ,\ is the

M3

L

angle between the pump and probe waves. I is the
absorption coefficient, and L is the length of the medi-L

ARGON

um.

Figure 2 shows plots of the two-wave mixing gain
parameter F 1 defined byv

for r = 0. -1/3. and -1.

(5)-

A D

M

wavelength of the pump and probe waves, t is the

6)
6 + r6Ft - In 1[,iL.
In- ,0) = "L 1 + 52

6+i.

Rue
BS

-

,-

'

V

SCOPE

Fig. 3.

Experimental setup for nondegenerate
two-wave
mixing in ruby. Light from a laser is split into two beams
(pump and probe) that interfere in a ruby crystal. The
probe beam is frequency shifted by a mirror f1M2) mounted

The values of F1 are normal-

ized to their minimum values. For r = 0. F1 is an
antisvmmetric function of the detuning b.so that r : 0

to a PZT and measured by detector D. A voltage source
applies a triangular wave to the PZT.

can be recognized by a departure from antisymmetry.
Our experimental setup is shown in Fig. 3. Light
from an argon laser is focused by lens L i focal length.
0.8 m) into a ruby crystal. Most of the light fapproximately 991( is reflected by beam splitter BS to provide the pump wave for NDTWM: the remaining 1%of
the light provides the probe wave. The power in the
pump
waveinteraction
is 0.5 W. the
spot size
approximately
0.3
mm, the
length
is 1iscm,
and the angle

C

b
a

between the pump and probe waves is 0.50. The frequency of the probe is shifted by reflecting it from a
mirror mounted to a piezoelectric transducer (PZT).
An aperture tA) blocks the transmitted pump wave.
and the transmitted probe wave is measured by a de-

d

tector and displayed on an oscilloscope.

Figure 4

Fig. 4. Photograph from oscilloscope (see Fig. 3) showing
two-wave mixing attenuation and gain. Traces a and b show

shows a photograph from the oscilloscope.

The lower

the transmitted probe power as measured by detector 1) %%ith

straight trace, a. was recorded with the pump blocked,

the pump beam blocked and unblocked. respectively. but no

and the upper straight trace. b.representing I-(L,0).
was recorded with the pump on but with no frequency
shift. The fact that trace b is higher than trace a

correspondinm attenuation and a1in hr the probe. Zero iindicated hv the cr.-. in the I,'.er Ift. ie horizontal di~i

represent., the saturation (f the absorptim by the
pump tave. With a triangular v(tage wave t rwe 0tt
(I

r

andtheupperstraight trace.

b. ereprrecord
sheng
p
p b

d

trequency shift. Trace c shows the voltage applied to the
tpZT t, produce a frequenc% shilt. antd trace d shows the
I)n trrepi,n&d

v-

tn
tie i t-i%,
-

(, 2ITm-,ec. at1d the \ertical axi-

.ive,
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index. At 606 nm we have observed a positive value of

r. indicating that the absorption of the excited state is
--

488

greater than that of the ground state at this wave-

,,n,

x

-,,-so

length.
W.\hen the pump intensity I, exceeds the saturation
intensity I, the nonlinear index, and therefore the
gain, is reduced bya factor 1/(1 + I/I.). Tostudv the
effect of saturation. we measured the two-wave mixing
gain parameter F2(A I),

Z o"
_--,

T

-- -

"

-'

-

\F.,

(L, 6 +1)
In 1AL,",L-1)

"

-

at 515 nm.

0

10

Fig. 5. Measurements of the nondegenerate two-wave mixing gain in ruby as a function of frequency detuning between
the two waves for various wavelengths. At 486 nm the gain
is antisymmetric, indicating an index grating. while at 580
nm there is a departure from antisymmetry, indicating a
mixed grating Iindex and absorption).
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Figure 6 shows a fit of Eq. (6)to the

measurements of I-,, where I'_is normalized to its,
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-1.

Fig. 6. Measurements of the nondegenerate two-wave mixing gain in ruty as a function (f the intensity f the pum)
wave at 515 nm.

spot size and taking into account the intensity profile.
one can obtain an accurate determination of n_. bv
agreevalue. are in good
using this technique.) These
t ~i im.026
obaind inRet S.
mentwiththoe
ment with those obtained in Rief. 8. At SSInm. l,
departs slightly from antisymmetry Ie.g.. I-rI = + 10)
e '1(6 = -10)] and the fit of Eq. I1 to the data
Idashed line in Fig. 5) gives r = -0.I. indicating that
saturated absorption is contributing to the nonlinear

maximum value. The fit gives a value of 1. = 1.5 k\V
cm-. in good agreement with previously calculated xa]ues.
In conclusion, we have demonstrated energy exchange by NDTWM in ruby and have shown that our
results are in good agreement with theory. By operat
ingat 488 nm with a pump intensity of the order ,fthe
saturation intensity we have observed a net two-wave
mixing gain (exceeding the absorption and reflection
losses) of 50o, ;ndicating that it should be possible to
oscillators. (Itshould be noted. however.
that such gain is accompanied by strong self-focusing.)
These experiments provide a simple and accurate
method for determining the complex nonlinear index.
response time, and saturation intensity of resonant
saturable media.
This research is partially supported by the U.S. Office of Naval Research under contract NO014-85-C0219.
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Externally pumped polarization-preserving phase conjugator
Ian McMichael
Rockwell International Science Center, 1049 Camino Dos Rios. Thousand Oaks, California 91360
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We demonstrate an externally pumped phase conjugator that preserves polarization on reflection and does not
exhibit the frequency shift present in self-pumped phase conjugators. Our results show that for linearly polarized
incident light the phase-conjugate reflection reproduces the angle of polarization to within the experimental error of
1%. For circularly polarized incident light, our results show that the helicity of polarization is preserved on
reflection.
The distortion resulting from the propagaiion of a light wave
through an aberrating medium can be corrected by generating a time-reversed wave with a phase conjugator that propagates back through the aberrating medium. However,
most phase conjugators reflect only one polarization state.
and therefore they do not produce time-reversed waves
when the incident light is of arbitrary polarization. As a
result, most phase conjugators do not correct for the changes
in polarization induced by optically anisotropic media.
Only a phase conjugator for which the conjugate reflection
has the same polarization as the incident wave can produce
true time-reversed waves that correct for both the wavefront distortions and the changes in polarization induced by
optically anisotropic wave-front distorting media.'
Phase conjugation was demonstrated first by stimulated
Brillouin scattering (SBS) in methane. 2 It was realized that
polarization is not preserved in SBS. 3 In fact, circularly
polarized light changes handedness in SBS, as it does when
reflected from a normal mirror. Polarization-preserving
phase conjugation was first proposed and demonstrated by
Basov and co-workers using a scheme in which an incident
beam is converted into two linearly polarized beams before
entering the SBS cell. 4 During this time, phase conjugation
by four-wave mixing was proposed, and demonstrated in
CS 2 .6 In 1979 Zeldovich and Shkunov proposed two additional schemes for polarization-preserving phase conjugation by four-wave mixing in isotropic media.- The first
scheme, utilizing counterrotating circularly polarized pump
waves, was first demonstrated by Martin et al. in CS 25. The
second scheme, utilizing a geometry in which the probe
beam propagates perpendicular to the pump waves, was first
demonstrated by Blashchuk et al., again in CS 2 .9 Polarization-preserving phase conjugation was also obtained by
four-wave mixing in a two-photon absorber.'0 In addition
to the pioneering works mentioned above. which deal with
the specific problem of polarization-preserving phase conjugation, there are more recent works dealing with the general
polarization properties of phase conjugators. 11
We reported 1 2 recently on the demonstration of a polariiation-preserving phase conjugator (PPPC) using the Ba0740-3224 88/040863-03$02.00

soy scheme4 with a self-pumped crystal of barium titanate
(BaTiO 3 ) as the conjugator. However. the self-pumped conjugator produces a reflection that is shifted in frequency
with respect to the incident wave. 13 This shift may not be
tolerable in interferometric applications. In this Communication we report on the demonstration of a PPPC using the
Bsov scheme with an externally pumped conjugator that
does not have this frequency shift. Experimental results are
presented showing that the externally pumped PPPC reproduces the polarization of the incident wave.
Our experimental setup is shown in Fig. I. We use an
argon-ion laser operating in multilongitudinal mode at 514.5
nm. The arrangement of optical components BS2, MI, M2,
M3, BaTiO3, PBS, and X/2 (shown as a solid line) forms a
PPPC for light incident from the left on the polarizing beam
splitter PBS. The remaining optical components are used
to test the PPPC. External pumping waves for four-wave
mixing in the crystal of BaTiO 3 are provided by the reflection from mirrors Ml (power, -4 mWi and M2 (power. -1
mW). The polarization components transmitted and reflected by the PBS are probe waves (total power, -0.5 mWj.
Optical path lengths are adjusted to ensure that the pump
and probe waves are coherent at the crystal. The half-wave
retarder X/2 (shown as a solid line) rotates the polarization of
one probe so that all waves entering the BaTiO 3 crystal are
extraordinary. The conjugate reflections of the probe waves
recombine at the PBS to form a phase-conjugate wave that
has the same polarization as the incident wave. However.
this result occu-s only when the phase-conjugate reflectivity
is the same for both probe waves. For this reason, we made
the angle between the probe waves small. After initial
alignment we found that the reflectivities of the probe waves
were not equal. To solve this problem, the alignment of the
probe wave having the highest reflectivity was adjusted to
obtain equal reflectivities. We should be Fble to avoid this
procedure if we use an angle of incidence for the probe waves
at which reflectivity is maximum and changes little with
angle. To test the PPPC, either a half-wave retarder X/2 or
a quarter-wave retarder X/4 (shown as a dashed line is
inserted into the experimental setup and used to alter the
c 198S Optical Society of America
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M2

Fig. 1. Experimental setup used to test the externally pumped PPPC.

900

measurements indicates that our externally pumped PPPC
preserves the angle of polarization to within 1%. The measured power ratio of the minor polarization axis to the major
axis never exceeded 50.
To demonstrate that the externally pumped PPPC reprothe helicity of polarization on reflection, a quarterwave retarder A/4 (shown as a dashed line in Fig. 1) is placed
between BS3 and PBS and is oriented such that light incident upon the PPPC is converted from linearly polarized
light (in the x direction) to circularly polarized light. Figure
3 shows the measured polarization ellipses for the reflections
from a normal mirror and from the externally pumped
PPPC. Light reflected from a normal mirror changes heliand, after passing back through the quarter-wave retarder, the reflected light has a polarization orthogonal to
that of the incident light. This principle is the one by which
PoPi has.
a th lightt reequarter-wave isolation
works. On
On te
the her
other hand,

U,
a
2
<

Z
0

Pduces

450--

Scity,
Oquater-wave
00

45090
450

FO

flected by the PPPC has the same helicitY as the incident

PROBE POLARIZATION ANGLE
Fig. 2. Measured angle of polarization for the reflection from the
PPPC versus the angle of polarization for the incident wave. Zero
degrees corresponds to polarization in the plane of Fig. 1.

polarization state of light incident on the PPPC. The conjugate reflection from the PPPC is sampled by beam splitter
BS3 and analyzed by the combination of polarizer P and
detector D. Because BS3 is an uncoated pellicle beam splitter used near normal incidence (the angle of incidence is
exaggerated in the figure; the actual angle of incidence is 20),
the reflection coefficients for s and p polarizations are nearly
equal (to within 0.20), and the polarization measured by P
and D is nearly the same as that of the conjugate reflection.
In our first test, we rotate the polarization of the light
incident upon the PPPC to various angles using the halfwave plate A/2 (shown as a dashed line) and measure the
corresponding angles of polarizations for the phase-conjugate reflection. Our measurements are shown in Fig. 2 as
open circles; the diameters correspond to their uncertainty.
The phase-conjugate reflection from a PPPC should have
the same angle of polarization as the incident wave, as indicated by the solid line in Fig. 2. The excellent fit of the

900

/

MI

00

X

PHASECONJUGATE
MIRROR

(IV/Ix = 2%l

Y
POLARIZATION AFTER DOUBLE
PASS THROUGH QUARTER-WAVE RETARDER
Fig. 3. Reproduction of the helicity of polarized light by the externally pumped PPPC. I, and I,are the intensities measured along
the x and ' axes. respectively. The x axis corresponds to polarization in the plane of Fig. 1.
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light and returns to its original polarization state after passing back through the quarter-wave retarder.
The electro-optic coefficient in BaTiO,3 are suo that the
diffraction efficiency of the photorefractive gratins is much
greater for extraordinary waves than for ordinary waves. To
take advantage of this feature, al! waves entering the crystal
in our experiments had extraordinary polarization. For the
most part, changing the polarization states of the pumping
waves will reduce the reflectivity of the PPPC without affecting the polarization-preserving properties. As long as
the extraordinary components of the two pumping waves are
propp588
conjugates of each other, the polarization-preserving
erties will not be affected by pump waves having random
polarization over their wave fronts. However, if the pumping waves are not conjugates of each other, the fidelity of the
PPPC will be affected in the same manner as would any
conjugator. Although we have not verified this experimentally, we expect that our PPPC will produce a true timereversed replica of a probe wave having random polarization
over its wave front.
We have demonstrated an externally pumped polarization-preserving phase conjugator. The experimental results
show good reproduction of the polarization of the incident
wave, although the reproduction is not so good as that ob12
We believe
tained previously with a self-pumped PPPC.
this is due to the problem of balancing the conjugate reflectivities for the two probe waves and can be solved as noted in
the text. The advantage of this scheme over the previous
one is the absence of any frequency shift in the phase-conjugate return.
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Phase-conjugate multimode fiber gyro
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Phase conjugation is used to correct the detrimental effects of modal scrambling in a passive optical gyro that uses
multimode fiber. A proof-of-principle demonstration of rotation sensing is presented.

Modal scrambling is a major source of noise and signal
fading in fiber-optic gyros.' Therefore the most sensitive fiber-optic gyros use single-mode polarizationpreserving fiber and couplers. 2 Phase conjugation
can be used to correct modal scrambling 3- 5 and can
also be incorporated into the construction of fiberoptic gyros.6- 9 In this Letter we describe and demonstrate the combination of these two possibilities: a
passive phase-conjugate fiber-optic gyro using multimode fiber. To our knowledge, this is the first demonstration of rotation sensing with a phase-conjugate
multimode fiber gyro. Multimode fiber gyros have
been made without phase-conjugate mirrors, but in
that case the fringe visibility is reduced by the number
of fiber modes. 10- 12
Figure 1 shows a schematic of a phase-conjugate
fiber-optic gyro. Light from a laser is split by beam
splitter BS and passed into two fibers, F1 and F2 by
means of mirror M. F1 and F2 are coiled such that the
incident light travels counterclockwise (CCW) in F1
and clockwise (CW) in F2. Light waves traversing the
fibers experience reciprocal phase shifts due to propagation and environmental effects and nonreciprocal
phase shifts due to the Sagnac effect. The phaseconjugate mirror PCM produces time-reversed waves
that correct the reciprocal phase shifts when they
propagate back through the fibers but do not correct
the nonreciprocal phase shifts. The phase difference
0 between
the recombining waves at detector D is
9

F1 couples light from the laser to the remaining part of
the apparatus that is mounted on a rotating table.
Lenses Li and L2 (20X microscope objectives), respectively, focus light into F1 and collimate the output.
The output end of F1 is oriented such that the polarization of light emerging from the fiber is at an angle of
450 to the plane of the figure. This light (power -10
mW) is then focused by lens L3 (focal length f = 10cm)
into the multimode fiber coil. The component polarized in the plane of the page is transmitted by the
polarizing beam splitter PBS1 and travels as a CCW
wave in the fiber coil, whereas the component polarized perpendicular to the page travels as a CW wave.
The fiber coil consists of approximately 20 m of graded-index multimode fiber (core diameter 50 Am, numerical aperture 0.2, attenuation 30 dB/km) coiled in
a square of 0.57-m sides. Because of modal scrambling in the fiber, when the counterpropagating waves
(CW and CCW) exit from the coil, their energy will be
randomly distributed among the spatial and polarization modes at the fiber output. Therefore one half of
the light from each wave will exit the port of PBS1 that
returns toward the laser. The other one half of the
light is collected by lens L4 (i = 10 cm), and one half of
that (one quarter of the total) passes through polarizer
P oriented at 450 to the page, in order to produce
D

given by

g = 4,r(R 1L, + R 2L 2 )f/Xc,
where R1, R 2 and L1 L 2 are the radii and lengths,
respectively, of fiber coils F1 and F2, fQis the rotation
rate, X is the wavelength, and c is the speed of light.

B

Fl

LASER
PC

Since the phase difference 0 is proportional to the

the output of detector D can be used to
rotation rate Q2,
sense rotation.
Figure 2 shows the experimental setup of the phaseconjugate multimode fiber gyro. Instead of using two
separate fibers to carry OW and CCW traveling waves
as shown in Fig. 1, we use polarization states to distinguish the CW and CCW waves in our experimental
setup. The laser is an argon-ion laser operating multilongitudinal mode at 515 nm. The highly reflective
beam splitter BS isolates the laser from retroreflec-

tions. The single-mode polarization-preserving fiber
0146-9592/87/121023-03$2.00/0

Schematic of a passive phase-conjugate fiber-optic
gyro. Light split by beam splitter BS is passed into fibers F1
Fig. 1.

and F2 by means of the mirror M. where it experiences phase
shifts due to thermal, mechanical, and rotational effects.

The phase-conjugate mirror PCM produces time-reversed
waves that correct the reciprocal phase shifts but not the
nonreciprocal phase shifts produced by rotation. Rotation
can be sensed by measuring the interference between the
recombining waves at detector D.
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Fig. 2. Experimental setup of the passive phase-conjugate
multimode fiber gyro. Laser light is incident upon polarizing beam splitter PBSI with polarization at 450 to the plane
of the page. The components reflected and transmitted by
PBSL travel CW and CCW, respectively, in the multimode
fiber coil. Part of the light exiting from both ends of the
fiber passes through PBS1, lens L4, polarizer P, half-wave
retarder X/2, and chopper CH and is incident upon a phase
conjugator BaTiO 3. Part of the reflected light retraverses
the fiber in both directions, recombines at PBSI, and travels
back to the laser. This light is sampled by the reflection
from one surface of L3 and is passed through the pinhole PH
to reject light that is not phase conjugate. The quarterwave retarder X/4 biases the gyro for maximum sensitivity,
and the half-wave retarder X/2 is oriented such that the
interferences at detectors D1 and D2 contain equal components from the original CW and CCW waves. The signals
from the detectors go to a differential amplifier, a lock-in
amplifier, and an oscilloscope.

waves. The power incident upon each detector is -1
The signals from these detectors go to a differential amplifier, a lock-in amplifier referenced to the
chopper frequency, and a digital oscilloscope.
Figure 3 shows representative signals from the oscilFor the upper photograph the gyro was first
then it was rotated clockwise, stopped, and
then rotated counterclockwise for several cycles with
an amplitude of approximately 6*/sec. Each vertical
division corresponds to a 0.10-rad phase shift,
and
each horizontal division corresponds to 5 sec. The
time required for the gyro rotation signal to reach
steady state after each rotational acceleration has endis a result of the response time of the BaTiO 3 phase
conjugator (seconds at milliwatt power
levels) and the
time constant set on the lock-in amplifier (1 sec). The
experimentally measured phase shift is in good agreement with the predicted phase shift of 0.09 rad. Various rotational amplitudes and periods were examined.
In all cases, the signal decayed only after the rotation
had stopped. The background-noise level with the
gyro stationary is shown in the lower photograph (the
vertical scale is five times more sensitive). Shortterm noise corresponds to a sensitivity that is an order
of magnitude larger than that required to measure the
rotation rate of the Earth. At present, we do not know

GYRO

ROTATION
linearly polarized light with equal contributions from
the CW and CCW waves. The polarization of the light
exiting from P is rotated back into the plane of the
page by a half-wave retarder X/2. The light is then
chopped at 200 Hz by chopper CH and is incident
upon a barium titanate crystal BaTiO 3 with extraordinary polarization so that efficient self-pumped phase
conjugation1 3 occurs. The power incident upon the
crystal is -1 mW, and the phase-conjugate reflectivity
is -20%.
The phase-conjugated light will retraverse the fiber
in both directions, recombine at PBS1, and travel back
toward the laser. This light is sampled by the reflection from the uncoated piano surface of L3 (piano
surface of L3 faces L2) and is also focused by L3
through pinhole PH (diameter d = 150 um). The
pinhole acts as a spatial filter to pass the phase-conjugated light and to block returning light that is not the
phase conjugate. 4.5 Although the filter may not be
essential to the measurement of the gyro signal, it
greatly enhances the signal-to-background-noise ratio. Lens L5 (f = 5 cm) collimates the light passing
through the pinhole. The quarter-wave retarder ,/4
produces a 900 phase shift between the OW and CCW
waves and biases the gyro at the point of maximum
sensitivity. The half-wave retarder is oriented such
that the interferences o' :he iight passing throgh
PBS2 and measured by detectors D1 and D2 contain
equal components from the origina! CW and ('CW

SIGNAL

BACKGROUND
NOISE LEVEL
(VERTICAL
SCALE - 5)

Fig. 3. Measurement of the Sagnac phase shift in the
phase-conjugate multimode fiber gyro. The upper photograph is taken from the oscilloscope mentioned in the caption of Fig. 2. Each vertical division corresponds to a 0.10rad ph'se shift, and each horizontal division corresponds to
5 sec. first the gyro was stationary then it was rotated CW,
stopped, and then rotated CCW for several cycles with an
amplitude of approximately 60 /sec. The measured phase
shift is in good agreement with the predicted phase shift of
o1)9 rad. The lower photograph shows the backgroundnoise le\el igyro stationary) on a scale fiv-.times more sensitire than in the upper phutograph.
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the source of the short-term noise. Also apparent in
the photograph is drift on a longer time scale, which is
Lhought to be due to changes in the phase-conjugate
reflectivity of the self-pumped conjugator.
It should be noted that most of the original optical
energy entering the fiber coil does not reach the detectors in our simple experimental configuration. As
noted above, one half of the light is lost when the CW
and CCW waves pass through PBS1 on their way to
the phase conjugator. Another one half is lost when
the waves go through polarizer P. For the reflected
light, only one half of the original CCW wave will
reenter the fiber as a CW wave, and of this light, only
one half (one quarter of the original energy in the
CCW wave) is the phase conjugate of the original CCW
wave. The other one half of this light returns scrambled among the various spatial and polarization modes
of the fiber.8 Combining these factors and assuming
unit phase-conjugate reflectivity and lossless optics,
we find that only one sixteenth of the original energy
returns to lens L3 in the original spatial and polarization mode, of which 4% is reflected and directed toward the detectors. Most of the light arriving at the
pinhole PH is not phase conjugate. Fortunately, this
light is distributed over the full numerical aperture of
4.5
the fiber, and most of it is rejected by the pinhole.
The portion of this non-phase-conjugate light that
passes through the pinhole acts as a source of noise.
The losses resulting in the factor of one sixteenth mentioned above arise from two sources and can be eliminated by using a different optical configuration as
noted below. The first source of loss is due to the
configuration required to use a single multimode fiber
coil. In this configuration, light consisting of many

mrandom polarization must pass through

plrization Fig. 2) thronce
modes having
a polarizing beam splitter (PBSI in Fig. 2) twice: once
when it leaves the fiber on its way toward the conjugator and once when it returns to the fiber from the
conjugator. This results in a loss of 1/2 X 1/2 = 1/4.
This loss can be avoided by using the configuration

iI
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having two fibers shown in Fig. 1. The second source
of loss is the non-polarization-preserving phase conjugator formed by optical elemrnLb P, X/2, and BaTiO 3.
This results in an additional loss of 1/4,5 which can be
avoided3by using a polarization-preserving phase conjugator.
In conclusion, we have described and demonstrated,
for the first time to our knowledge, rotation sensing
with a phase-conjugate fiber-optic gyro using multimode fiber.
This research is supported by the U.S. Office of
Naval Research under contract N0014-85-C-0219.
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Image distortion in multimode fibers and restoration by
polarizationrpreserving phase conjugation
Paul H. Beckwith, Ian McMichael, and Pochi Yeh
Rockwell International Science Center. 1049 Camino Dos Rios, Thousand Oaks, California 91360
Received February 27. 1987: accepted April 9. 1987
Image restorationafter a double pass through a multimode fiber using a polarization-preserving phase conjugator is
demonstrated. Results indicate that the resolution of the restored image is limited by the number of guided modes
and that the contrast is restored only when the phase conjugator preserves polarization on reflection.

It is well known that image information, encoded as a
spatial intensity pattern, is rapidly scrambled because
of mode coupling as it propagates in a multimode
fiber. The image information will be completely
scrambled (energy leaving the fiber is randomly distributed among all the spatial modes as well as the
polarization modes) when the beam diffraction is large
enough to result in many reflections off the fiber core
walls (i.e., XL/d 2 >> 1; L is the fiber length, d is the fiber
diameter, and X is the wavelength). I The concept of
using phase conjugation to restore the original image is
not new.2 -4 An image is sent through a multimode
fiber, and the scrambled output is reflected from a
phase conjugator. After traversing a second identical
fiber or retraversing the same fiber, the output image
is proportional to the input image. In principle, the
first case involving two identical fibers can be used to
transmit images through fibers. However, in practice
it is unlikely that the mode coupling of two fibers will
be identical, and to the best of our knowledge such a
case has never been demonstrated. The latter case of
image restoration involving a double pass through a
ARGON

single fiber has been demonstrated by using phase
conjugators that do not preserve polarization.' .6 In a
recent paper' we demonstrated that in multimodefiber systems the recovery of the original spatial and
polarization modes takes place only when the phase
conjugator preserves polarization on reflection.' In
this Letter we report on image restoration after a double pass through a multimode fiber using a polarization-preserving phase conjugator. We present results
indicating that the spatial resolution of the restored
image is limited by the number of guided spatial
modes and is therefore independent of whether the
phase conjugator preserves polarization, However,
we also present results indicating that the contrast of
the original image is restored only when the phase
conjugator preserves polarization on reflection.
In order to study image restoration after a double
pass through a multimode fiber using phase conjugation, we set up the experiment shown in Fig. 1. Linearly polarized light from an argon-ion laser operating
in a single longitudinal mode on the 514.5-nm transi'ion is expanded by lens L, (focal length f
-2 cm)
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Fig. 1. Experimental setup used to demonstrate image restoration after a double pass through a multimode fiber by
polarization-preserving phase conjugation. The image impressed upon the expanded argon-ion laser beam by transparency T

is focused into a multimode fiber (MMFi.

Light leaving the MMF is reflected from the PPPC formed by the optical elements

PBS. M -M,, A2. and the BaTiOot crystal. The effect of conjugating only one polarization component can be observed by
blocking one of the output beams from the polarizing beam splitter PBS. After propagating back through the fiber, the
restored image is sampled by beam splitter BS, analyzed by polarizer P. and photographed at the image plane.
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components by the polarizing beam splitter PBS; one
of the polarization components is rotated 900 by the
half-wave retarder X/2, and both components are focused into a crystal of barium titanate (BaTiO0 by
lens L-, (f = 0.5 m) and lens Lh (f = 5 cm) such that selfpumped phase conjugation takes place. Power levels
incident upon thre
of the order of I mW,
with half of the power in each of the two components.
The arrangement of optical components PBS, mirrors
M -M;, X/2, L-, L,;, and the BaTiO crystal, forms a
polarization-preserving phase conjugator PPPC.
When the phase-conjugate reflections of the two components recombine at the PBS, they form a phaseconjugate wave that has the same polarization as the

A-

FIBER UTPUTincident wave.

The effect on the image quality of

conjugating only one of the polarization components
phase conjugation,
NPPPC) can be observed by blocking the other component. After retraversing the fiber, the restored imis sampled by the beam splitter BS and photographed at the image plane. With the NPPPC, only
one half of the returning light reconstructs the image;
the other half is randomly distributed among all the
spatial and polarization modes.' The restored image
is improved by filtering out one half of the light that
does not reconstruct the image (one quarter of the
returning light) using P oriented to pass light having
the polarization of the image. In order to obtain high
phase-conjugate reflectivities (R - 40%) from the
BaTiO, crystal, it was necessary to encase the 100-m
fiber in a Styrofoam container. This reduces thermal
fluctuations on time scales shorter than the response
time of the BaTiO:. crystal (which tend to reduce the

3(nonpolarization-preserving

-age
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MIRROR
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phase-conjugate signal by washing out the index gratings in the crystal).
Fig. 2. Photographs demonstrating image restoration after
a double pass through a multimode fiber by polarizationpreserving phase conjugation. The first row of photos
shows the input image patterns (a resolution chart and a
gray'-scale grid) impressed upon the laser beam. and the
second row of photos shows the scrambled single-pass fiber
output. The third and fourth rows show photographs, taken
at the image plane in Fig. 1, of the image reconstructed by
phase conjugation after a double pass through the multimode fiber. For the third row, the PPPC is at the fiber end.
and for the fourth row. one of the outputs from the polarizing beam splitter in Fig. 1 is blocked to illustrate the effect (f
conjugating only one of the polarization components
(NPPPC,. Although the resolution is comparable for the
two cases, the contrast is severely degraded in the case of the
NPIP('.

and collimated by lens L: (f= 15 cm). After an image
is impressed upon the expanded beam by transparency T, it is focused into a step-index multimode fiber
MMF (core diameter d = 100 pm, numerical aperture
N.A. = 0.3, length L = 100 m) by lens L:, (f = 5 cm, D =
4 cm). The quarter-wave retarder X/4 is used in conjunction with the polarizer P to eliminate the reflection from the air-fiber interface at the fiber input end.
The light leaving the fiber is collimated by a lOX
microscope objective L, then split into its polarization

Figure 2 shows photographs of two images sent into
the fiber: a standard U.S. Air Force resolution target in
the first column and a gray-scale grid in the second
column. The gray-scale grid consists of neutral-density filters having a transmission (starting in the lower
left-hand corner and proceeding clockwise) of 1, 10, 50,
and 100%. The first row of photos shows the input
images. The second row shows the single-pass output
from the end of the fiber. The uniformity of the
output interference speckle patterns indicates severe
image scrambling by the fiber. The graininess of the
patterns is indicative of the number of modes supported by the fiber. The last two rows show the doublepass fiber output as sampled by the BS, filtered by P,
and recorded at the image plane (see Fig. 1). The
third row of photos shows the image restoration with
the PPPC; and the fourth row, with the NPPPC (one
component in the PPPC blocked). Exposure time is
adjusted so that equal energy falls upon the film in
each case (PPPC and NPPPC). As expected, the photos of the resolution target show that there is little
difference in resolution for the two cases. The measured resolution is somewhere in the range from 1.59
lines/mm (Group 0, Element 5) to 1.78 lines/mm
(Group 0, Element 6) and agrees well with the resolution calculated from the number of guided modes in
the fiber and the imaging optics, -1.62 lines/mm.
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Fig. 3. Photographs demonstrating image restoration after a double pass through a multimode fiber by polarizationpreserving phase conjugation for a low-detail image and for a high-detail image. The input image and the image reconstructed
b. phase conjugation after a double pass through the multimode fiber are photographed for both PPPC's and NPPPC's.
Degradation of image contrast is so severe for the image reconstructed by the NPPPC that The picture of the high-detail image
is barely discernible.
However, the photos of the gray-scale grid show clearly that the restoration of image contrast is much better
in the PPPC case than in the NPPPC case (in the
NPPPC case. the light areas are darker, and vice
versa).
Figure 3 shows photographs of the double-pass fiber
output for low-detail and high-detail images. The
first column shows the image patterns focused into the
fiber, and the second and third columns show the
double-pass output for the PPPC and the NPPPC
cases, respectively. As in Fig. 2, although the resolution is comparable in the two cases, the contrast is
greater in the PPPC case. The difference in contrast
is best seen with the high-detail image, where the picture is barely discernible in the NPPPC case.
We also examined the effect of using unpolarized
light to illuminate the image transmitted through the
fiber. Unpolarized light was obtained by passing the
polarized output of the laser through a 7-m-long, 100Pm-diameter step-index multimode fiber before expanding the beam and passing it through the transparency Tin Fig. 1. In this case, it was not possible either
to improve the restoration with the NPPPC by using
the polarizer or to eliminate the reflection from the
air-fiber interface at the fiber input by using the X/4
retarder. Results similar to the above but with a

greater reduction in contrast were obtained for the
NPPPC case.
In conclusion, we have presented experimental resuits demonstrating that high-contrast image restoration after a double pass through a multimode fiber
requires the use of polarization-preserving phase conjugation. When only one polarization leaving the fiber is phase conjugated, only one half of the returning
light reconstructs the imagei;the other half is randomly distributed among all the spatial and polarization
modes, thereby severely degrading the contrast of the
reconstructed image.
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Correction of polarization and modal scrambling in multimode
fibers by phase conjugation
Ian McMichael, Pochi Yeh, and Paul Beckwith
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When polarized light is incident upon a long multimode fiber, the emerging light is randomly distributed among the
spatial and polarization modes. We present experimental and theoretical results demonstrating that recovery of
the spatial and polarization modes of the incident light takes place only when a phase conjugator at the fiber output
preserves polarization on reflection.

When polarized light is incident upon a long multimode fiber, the emerging light is randomly distributed
among the spatial and polarization modes because of
modal scrambling. We previously reported preliminary results on the correction of modal scrambling by
phase conjugation. 1 2 In this Letter we present recent
results of experimental and theoretical investigations
into the correction of modal scrambling for the cases
when both polarization components are conjugated at
the fiber output (polarization-preserving phase conjugator, 2.3 PPPC) and when only one polarization component is conjugated (nonpolarization-preserving
phase conjugator, NPPPC). We find that recovery of
the original spatial and polarization modes takes place
only when the reflection from the phase conjugator
preserves the polarization of the incident light. However, if the fiber supports a large number of spatial
modes and one uses spatial filtering to look only at the
light returning in the same spatial mode as the incident light, then one will see nearly complete polarization recovery, even when only one polarization component is conjugated at the output of the fiber.' .5 This is
because light returning down the fiber that is orthogonal in polarization to the input is randomly distribut-

where An's are the mode amplitudes. The output (z =
L) field Eli can be written as
= (El11 , Ell),
(3)

ed among all spatial modes.

using Eqs. (4) and (6), we obtain the results a =

A PPPC produces a time-reversed wave that can
correct for modal scrambling.' 2 We now consider the
result of conjugating only one polarization component.
The specific case of a linearly polarized incident wave
is analyzed graphically in Fig. 1. In what follows we
analyze
case of an
incident wave
of that
arbitrary
polarization. the
Consider
a multimode
fiber
supports
N
izaon. Cidr a utio
finent
modes with wave functions

1/2,and Ell
becomes

where Ell, and Ell. are the x and y components. If
modal scrambling is complete, then the energy is distributed equally among the x and y polarizations:

J

2
IEiiI 2dxdy=
1En,[
dxdy.
(4)
J
Let this field be incident upon a phase conjugator that
has unit reflectivity and a polarizer along the x axis in
front of it. The reflected field El is given by

(5)
Ell, = (Ell_*, 0).
This field can be written as the sum of two components: a component E,1 * that is the phase conjugate
of the light emerging from the fiber at z = L and a
component Ell*_ that is orthogonal to the conjugate
in the sense that f E El* dxdy f 0,
(6)
El f aE 1* + bE1 1*,
where a and b are constants. Scalar multiplying both
sides of Eq. (6) by Ell, integrating over x and y, and
=

(Ell., -Ell,).

1/2,

b=

With these results, Eiji

Ell, = 'iE 1* + 'E11 '*.

(7)

(1)

This
propagates
backthen
through
the fiber. compoIf the
fiber field
is linear
and lossless,
the conjugate
/2E1 * generates 1/
EI* by time reversal and the
orthogonal
component2 _/.
2E1 1*, generates /2E*,
where E1*_ is orthogonal to E1 * in the sense that f El.
El* dxdy = 0; note that E1* , * (Ei*. -Ei*,). Since

where 0,is the propagation constant and n is the mode
number. An incident electric field El can be expressed as a sum over the N modes at the input (z = 0):

we assume complete modal scrambling, the energy in
El* - is distributed equally among the x and y polarizations. The returning field at the fiber input becomes

E(x, y)exp(-iz),

El

n = 1,2, .....

AE,.

N,

(2)

EY = '/,El* + '/ E*'

(8)

Note that when only one polarization component is
0146-9M92 87 o705 7-o:12.oo (0
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Fig. 2. Experimental setup. Light emerging from the multimode fiber MMF is reflected from the PPPC formed by the
optical elements PBS, M1-M4, X/2, and the BaTiO.; crystal.
The effect of conjugating only one polarization component
can be observed by blocking one of the outputs from the
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gate signal by closing it to the size of the input beam.
The quarter-wave retarder X/4 can be used in conjunction with the polarizer to eliminate the reflection from
the air-fiber interface at the fiber input. Light
emerging from the fiber is collimated by a 1OX microscope objective L2, focused by lens L3 (f = 0.5 in), and
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perform spatial filtering of the returning phase-conju-

-

polarizing beam splitter PBS.

After propagating back

through the fiber, the light is sampled by beam splitter BS,
analyzed by the polarizer P,and measured by detector D or
photographed.

Illustration of what happens when light propagates
POLARIZATION

in a multimode fiber (MMF) and only one polarization com-

ponent is conjugated at its output. The top section shows a
sketch of the optics, and (a)-(c) show the evolution of the
polarization of the light as it propagates. The field El = x
enters the MMF at z = 0. (a) Because of modal scrambling.
among the x and "v
the output field Ell is equally distributed
"

FROM
LIGHT
REFLECTED
AIR FIBER INTERFACE

polarizations and the change in polarization is represented

AT FIBER
OUTPUT

by rotation of El to Ell. (b)The x component of Ell passes
from the phase-conjugate
through the polarizer and reflects
mirror PCMI to produce Ell, = Ell*i . This field has a
phase-conjugate component. '/Ell*. and an orthogonal com-

ponent. 1 )II

.

(c) When the conjugate component propa-

gates back to z = 0 it generates 1b2Et* by time reversal (depicted as rotation of f2Ell* to l,'Ei*), and the orthogonal
component generates ', 2E* _, where El*_ is orthogonal to

is distributed
El*. Because of modal scrambling. E* ~MIRROR
equally among the x andy polarizations. Note that only one
fourth of the energy is recovered in the reconstruction of the
input field. The other one fourth is randomly distributed
among the spatial and polarization modes. One half of the
energy is lost at the polarizer.

POLARIZATION
PRESERVING

PHASE CONJUGATE

PHASECONJUGATE
MIRROR

conjugated at the output of the fiber only one quarterZPRESERVING)E
of the energy (Il/E* 2) is recovered in the reconstruction of the input field. The other one quarter of the
energy (112Ei* _ 12)is randomly distributed among the
Fig. 3. Photographs of the returning light as seen at the
spatial and polarization modes. Therefore (1/4 + 1/2
position of detector D in Fig. 2. 'corresponds to the polarX 1/4) = 3/8 of the original energy returns with the
ization of the light incident upon the fiber. The first set of
polarization of the input and (1/2 X 1/4) = 1/8 returns
photos was taken with the phase-conjugate mirror blocked.
orthogonal to it. One half of the original energy is lost
second set of photos with the PPPC at the fiber end, and
the
at the polarizer,
the third set of photos with the NPPPC (one of the outputs
Our experimental setup is shown in Fig. 2. Light
from the polarizing beam splitter in Fig. 2 is blocked). For
the PPPC all the light returns as the phase conjugate (bright
from a single-mode argon-ion laser is focused into a
s)ot in the photo (If
polarization). However. for the
step-index multimode fiber (core diameter d = 100
NPPPC only one halt' of the returning light is the phase
o, numerical aperture 0.3, attenuation 30 dB/km,
conjugate: the other half is randomly distributed among the
length 20 in) by lens Li (focal length f = 5 cm, diamespatial and polarization modes.
ter D = 4 cm). The aperture AP can be used to
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Measured and Predicted Power Ratios for Phase-Conjugation with
Multimode FibersD
p /p b

Aperture
Open
Reduced,

PPPC
-

(4.4 ± 1.3) X I0 1 [0]
(1.0 ± 0.4) X 10-

[0]

NPPPC

PNPPpc/PPppc

0.32 ± 0.02 11/3]
(1.4 ± 0.3) X 10-2 [<<il

0.42 ± 0.09 [1/21
0.22 ± 0.03 [1/4]

a See Fig. 2; predicted values are in sqluare brackets.
b P,/p is the ratio of the power in the polarization orthogonal to the input to that parallel to the
input as measured by the detector (see Fig. 2): PPPC corresponds to the situation shown in Fig. 2:
NPPPC corresponds to blocking one of the outputs from the polarizing beam splitter in Fig. 2.
c Aperture size reduced to the input beam size (-4 mm).

reflected from the PPPC2 formed by the polarizing
beam splitter (PBS), mirrors M1-M4, half-wave retarder X/2, and the barium titanate crystal BaTiO 3.
The effect of conjugating only one polarization component can be observed by blocking one of the outputs
from the PBS. After propagating back through the
fiber, the light is sampled by a beam splitter, analyzed
by a polarizer, and measured by a detector or photographed.
Figure 3 shows photographs of equal exposure of the
returning light as seen at the position of the detector
with the aperture open. IIcorresponds to the polarization of the light incident upon the fiber. For the first
column, a X/4 retarder is used to avoid the reflection
from the air-fiber interface at the fiber input. The
first row of photos was taken with the phase conjugator blocked. The grainy circular patterns observed in
both polarizations are from the light reflected at the
air-fiber interface at the fiber output. The fact that
the circular patterns are uniform and equal in intensity indicates complete modal scrambling. The second
row of photos was taken with the PPPC at the fiber
end. A strong phase-conjugate return can be seen in
the center of the photo of the 1;polarization, and there
is little change in the intensity of the grainy circular
patterns (in fact, we observed that the backscattering
from the output end of the fiber with polarization
orthogonal to the input reduces by 5-10% owing to
phase conjugation 6), indicating that all the light returns as the phase conjugate. The third row of photos
was taken with a NPPPC (one component in the
PPPC blocked) at the fiber end. The conjugate return is weaker than that for the PPPC, and the intensity of the grainy circular pattern has increased over
that produced by the fiber end reflection, indicating
that some of the returning light is not the phase conjugate of the input.
Table 1 lists measured and predicted power ratios.
As before, 11corresponds to the polarization of the light
incident upon the fiber. For the PPPC, the measured
ratio PJP

is small, indicating nearly complete cor-

rection of polarization scrambling. The ratio decreases when the aperture is closed down to the size of
the input beam to provide spatial filtering of the returning phase-conjugate signal. For the NPPPC,
with the aperture open, the measured ratio is 0.32 =
0.02, in agreement with our theory [(1/8)/(3/8) = 1/3].
This indicates that when only one polarization is conjugated at the output of the fiber, one third of the
returning light is orthogonal in polarization to the

input. When the aperture is closed, the measured
ratio decreases to (1.4 :k 0.3) X 10 - 2. This indicates
that the returning light with polarization orthogonal
to the input is spatially orthogonal to the input. With
the aperture open, when we block the central phaseconjugate return with a mask in front of the detector to
look only at the grainy circular pattern, the measured
power ratio is 1.0 ± 0.1, indicating equal power distribution in the two polarizations. We algo compared
the total power in the returning light for a PPPC with
that for a NPPPC. With the aperture open, the measured ratio PNpppc/PpPpc is 0.42 4- 0.09, reflecting the
fact that one half of the light from the fiber output is
blocked in the NPPPC. With the aperture closed, the
measured ratio is 0.22 + 0.03, indicating that with the
NPPPC only one fourth of the light incident upon the
fiber returns as the phase conjugate.
In conclusion, we have presented theoretical and
experimental results demonstrating that correction of
modal scrambling by multimode fibers requires a
PPPC. The technique described in Ref. 4 (using a
modal filter followed by a multimode fiber, a polarizer,
and a non-polarization-preserving phase conjugator)
can be used to correct for polarization scrambling
when the wave to be conjugated contains much less
spatial information than the maximum that can be
supported by the fiber and when a reduction of the
phase-conjugate signal by a factor of 4 and an increase
in noise is tolerable.
The authors thank M. Ewbank and A. Chiou for
many helpfuldiscussions. This research is supported
mn helpficuson
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Phase shifts of photorefractive gratings and phase-conjugate
waves
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We present measurements of the two-wave mixing gain as a function of frequency detuning in photorefractive
crvstals. In many cases, this function is asymmetric, indicating that the phase shift of the photorefractive '1"lex
grating with respect to the light interference pattern is not exactly 90'. as is otten assumed. In tour-wave mixing.
the phase of the phase-conjugate wave contains the phase of the pumping and probe waves and a phase shift
determined by the interaction taking place in the nonlinear medium. This second term, the phase shift ofthe phase
conjugator. is a function of the type ofrgrating and the phase shift ofthis grating. The phase shift ot the grating obtalied from the two-wave mixing measurements compare, well with that obtained from hour-wave mixing measurements of the phase of the phase conjugator.

In two-wave mixing (TWM) in photorefractive media,I-: carriers are generated in the bright regions of
the interference pattern formed by the two waves, and

they are eventually trapped in the darker regions.
The redistribution of charge results in a spatial modulation of the electric field, and the refractive index
(electro-optic effect) with the frequency of the interference pattern, but shifted in phase by 900. This
nonlocal response leads to energy exchange between
the two waves. The exchange is optimized when the
phase shift of the refractive-index grating is exactly
90". However, fields in the media,' such as the bulk
photovoltaic field,' can determine a preferential direction for the migration of charges, and this can result :n
a phase shift for the grating that is different from 900.
To optimize the TWM gain, this field-induced phase
shift can be compensated for by frequency shifting one
of the two waves to create a grating moving at a rate
comparable with the response time of the medium."
In the first part of this Letter, we present measurements of the TWM gain as a function of frequency
detuning between the two waves for the photorefrac-

The TWM gain F is related to the frequency detuning between the two waves by the proportionality'
(1)
1 + t5,
F c sin (0, + tan -)/\
where o_ is the phase shift of the grating and the
detuning 6 is the product of the frequency difference
between the two waves and the response time of the
medium. If 1, * 90' then F is an asymmetric function of the detuning.
Figure 1 shows measurements of F()/F(0) for a
crystal of SBN (Sr,hBaI 4NbO ) and two crystals of
BaTiO;. The measurement technique described in
Ref. 9 is used to obtain F. The figure shows data for a
representative sample of SBN, but measurements
were taken for four different samples including a cerium-doped sample. In all cases F was symmetric, indicating that the phase shift of the grating is almost
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tive crystals barium titanate (BaTiO;) and strontium

barium
niobate
(SBN). This function is asymmetric
for BaTiO
1 , indicatingthat the phase shift of the grating is not exactly 900. The degree of asymmetry and
therefore the phase shift of the grating depend on the
angle between the grating vector and the crystal axis,
the pump intensity, and the particular crystal.
In four-wave mixing (FWM), the phase of the
phase-conjugate wave contains the phase of the pumping and probe waves and a phase shift due to the
interaction taking place in the nonlinear medium.
We refer to this second term as the phase shift of the
phase conjugator'
It is a function of the type of
grating (refractive index, absorption, or gain) and the
phase shift of the grating. In the second part of this
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Letter, we derive an expression describing this depen-

DETUNING

dence, present measurements of the phase shift of the

Fi,-. 1. Measurements of' the F%%M gain lI 'll)
as a
in t ion ot trequeny detuning tor .SBN and BaTi()
F,r
H, TiO . I is asymmetric, tndicating that the phase shift ot
the gratting is not 1(W0.

phase conjugator, and compare these measurements
with the phase shift of the grating obtained from the
TWM measurements.
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Fig. 2. Measured difference between the phase shift of the
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of majority carriers in units of 10' 4/cm', and ( is the
dielectric constant. For a trap density of 10tu/cm' we
obtain E,, - 200 V/cm.
we consider the phase shifts of phase conjugators. To obtain an expression for the functional dependence of the phase of phase-conjugate waves, we
consider the simplest case of FWM, in which the transmission grating dominates, the coupling is weak, and
the probe wave is much weaker than the pump waves.
Let the notation for the four fields (n = 1, 2, 3, 4) be
E, = A, exp[i(k

0

I

•r - wt + 0,)e,

(3)

where AI and A, are the amplitudes of the counterpropagating pump waves, A 4 is the amplitude of the probe
wave propagating in the +z direction, and A I is the
amplitude of the phase-conjugate wave. The intensitv of the interference pattern formed by the writing
pump (Et) and the probe wave is given by
I = A,' + A4 + A 1 A,(e •e,)

exactly 90' in SBN. The fit of Eq. (4) to the data,
indicated by the solid line, gives (p,= 910.

For

BaTiO, F is clearly asymmetric. The fits give o., =
100 ° and p,= 1090 for crystals # 1 and # 2, respectively. and ,= 1060for a third crystal (not shown in
the figure) Other investigators, using the same method. did not notice the asymmetry in their data.! " For
this figure, the angle between the beams was 80, the
crystals were oriented with their c axes parallel to the
grating vector such that the.e was TWM gaii' for the
probe, the bisector to the beams was normal to the
entrance face. and the pump and probe waves had
extraordinary polarization and powers of 1 (514.5 nm)

The intensity pattern results in a spatial modulation
of the propagation constant k given by
k = k,, + Ak (expli[(k 1

tained Ao = (0 ± 10) ° for a single sample of BaTiO1

with a total incident intensity of 0.5 W/cm2 .
From
Fig. 2 we find that for BaTiO:1 #1 with the same
incident intensity, A0 = (9 ± 0.5)0 is within the experimental error of the value reported in Ref. 11. For
SBN, F was very symmetric even at pump powers of 10
mW.
Figure 3 shows A0 as a function of the angle 0 between the crystal axis and the perpendicular to the
bisector of the two waves. The features shown are
indicative of a field oriented along the crystal axis.
For such a field, the component along the grating vector determines the phase shift A0.-' For 0 = 00, the
grating vector is parallel to the crystal axis, and this
results in the largest A0.
We can calculate the field in the crystal E, from the
measured phase shift of the grating at 0 = 00 by using
the equation 'II
= tan -(E,/E,,)

+ (E,-'/E,E

+ (EJE.J1, (2)

where El, - 1.6/A kV/cm and Es ;: 2.8 N7 Ah are the
diffusion and maximum space-charge fields, A is the

grating spacing in micrometers, N r is the trap density

k4 ) r
(0-

04) + 0

+

c.c.).

(5)

0

=0

-0.

- 0

(6)

+ 0,,,

where o.. is phase shift of the phase conjugator:

and 900 (Ao = o. - 900) as a function of the pump

power forBaTiO #1. All other parameters are identical to those for Fig. 1. The results shown are expected from the theory of the bulk photovoltaic effect.
Using a different technique, other investigators ob-

+

The diffraction of E off this grating forms the phaseconjugate wave E,. The phase of the phase-conjugate
wave o is obtained from the solution to the scalarwave equation

and 0.01 mW, respectively, in spot diameters of 0.4

mm.
Figure 2 shows the measured difference between do

-

0,, = 7t/2 + 0_

+ 0,,

(7)

and oi is the phase of the complex quantity Ak. o,
depends on the type of grating (refractive index, absorption. gain, or mixture) and the phase shift of the
0,

A+ 0

_o o
00

0
180

360

6
Fig. . Measured difference between the phase shift of the
grating ,,,and 900 (Ah =(h - 90', as a function of the angle H
b)etween the perpendicular t,the bisector to the two waves
and the crystal axis tor BaTiO, #1. The dependence of Ao

on I indicates the existence of a field oriented along the
trystalaxis. The line is to aid the viewer; it is not a theoreti(A1it.

grating. For a transparent medium (refractive-index
grating, Ak real, 0, = 00 or 1800) with a local response
(0,= 0°), o, = 900 for o_, = 00 or 0., = -90' for 0_ .=
1800. For saturable absorbers (Ak negative imagi00, and for saturable amplifiers
nary, -1 = -900) o
=
(Ak positive imaginary, o%, = +90'), ,,
1800. If one
=
makes the assumption that 0. 900, then for photorefractive media (refractive-index grating. Ak real, o_ =
= 0* for O, = 1800 or 0,= 1800 for 0a,1
00 or .1800),
= 00
0, can be measured with the interferometer shown
in Fig. 4. The light transmitted by the beam splitter,
BS, and the light reflected from the self-pumped crvstal of BaTiO, provide the pump waves for FWM in the
crystal XTL. The light reflected by the beam splitter
provides the probe wave. The conjugate wave and the
reflection from the self-pumper interfere at the detector D.
Using
Stokes's relation,
tr* = and
-t*r',
where and
t. r
internal
transmission
the amplitude
r' are
and
extrnanar
reflection
amplitudetea
e
the
fcn
o
i
ter a
external reflection coefficients of the beam splitter.
respectively, one can show that the intensity measured at detector D is given by
II + I - 2 \ II cos o,.

(8)

where I, and I are the intensities of the interfering
waves at the detector. To obtain an accurate determination of .. we apply a phase modulation to mirror
M2 with amplitude o.. and frequency v by using a
piezoelectric transducer. The phase modulation is
fast, so that it is not compensated for by phase conjugation. and small, so that it does not wash out the
grating. o, can then be obtained from the relation(9)

o,, z tan-l(Rc,./4).

where R is the ratio of the power measured by detector
D at the frequency rto that at 2v,.
Two improvements were made to our interferometer since our first report. At first, we did not use the
self-pumper but used a mirror instead. In initial experiments our results were sensitive to the alignment
ofthismirror. XVe also apply a fast phase modulation
to mirror N1 to avoid the grating that would otherwise
be written by this pump and the probe.
Table I lists measurements of c., taken for various

Table I.
Material

BaTiO 10)m\V)
(
"aN

gate interferometers. If this phase can be controlled.
such interferometers can be biased at the operatin,.
point of highest sensitivity and linear response. ('
culations of the phase shift of the refractive-ind.
grating from measurements of the phase of the ph. ,e
conjugator agree with the phase shift of the grating
obtained from the TWM gain measurements.
This research is supported by the U.S. Office of
Naval Re.,earch under contract no. N00014-85-C-0219.
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In conclusion, our measurements show that the
TWM gain in barium titanate is an asymmetric function of frequency detuning. indicating that the phase
shift of the grating is not exactly 90c as is often assumed. We have shown that. for FWM. the phase of
the phase-conjugate wave contains the phases of the
pumping and probe waves and is a function of the type
of grating and the phase shift of the grating with respect to the light interference pattern. This phase
determines the operating point of some phase-conjo-
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01 + 1
(4± I )
(169 ± 4)
()
19± 5)
(19 ± 51

pump powers and angles 0 defined in Fig. 4. 0,, is close
to 0' or 180' as predicted. The reason that the measured values for BaTiO. are not exactly 00 or 1800 is
that the refractive-index grating is not shifted by exactlv 900. Values of Ao obtained from the TWM
m
are given in the right-hand column. As
measurements
Eq. (7? indicates, they should be equal to or differ by
180' from the values of o,,.A comparison of the righthand columns indicates that the results of the TWM
and FWM measurements are in good agreement.
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Self-pumped phrase-conjugate fiber-optic gyro
Ian McMichael and Pochi Yeh
Rockwell InternationalScience Center. 1049 Camino Dos Rios. Thousand Oaks. California 91360

Received June 2. 1986: accepted July 30. 1986
We describe a new type of phase-conjugate fiber-optic gyro that uses self-pumped phase conjugation, The selfpumped configuration is simpler than externally pumped configurations and permits the use of sensing fibers longer
than the coherence length of the laser. A proof-of-principle demonstration of rotation sensing with the device is
presented.

Several types of phase-conjugate gyro are described in
the literature,1 -4 and we recently reported on the first
demonstration to our knowledge of rotation sensing
with a phase conjugate gyro.- The passive phaseconjugate fiber-optic gyros described in Refs. 3 and 5
are Michelson interferometers in which the arms contain fiber-optic coils that are terminated by externally
pumped phase-conjugate mirrors. Since the phaseconjugate mirrors produce time-reversed waves, all
reciprocal phase changes in the optical paths are compensated for and do not effect the output of the interferometer. However, since the phase shift produced
by the Sagnac effect is nonreciprocal, the output of the
interferometer is sensitive to rotation and can be used
as a gyro. fb-pcgStandard fiber-optic gyros6 are Sagnac interferomethat are inherently insensitive to reciprocal phase
ters
changes and sensitive to nonreciprocal phase changes.
This is true only when their operation is restricted to a
single polarization mode,: and the best fiber-optic gy-8
ros use polarization-preserving fibers and couplers.
However, if the phase-conjugate mirrors in the phase-

versing fibers F1 and F2 experience reciprocal phase
shifts
01, )

k.(1)

respectively, where d1l and dl, are elements of length
along F1 and F2, and k,., = 2rn 1._/X. In addition, the
nonreciprocal phase shifts
¢

=

+2rR1 L-f2/Xc,

,

=

(2)

-2rRLQ/Xc

are due to the Sagnac effect, whereiR and e are the
radii and lengths of the fiber loops, respectively, and
is the rotation rate. The net phase shifts are then 0,
+ r and r, + (,-,. On reflection of the light from
the phase-conjugate mirror, the phase shifts become
and -Or. - 0 r 2, where we have dropped the
-Or - 0
phase shift of the phase conjugator l o-1 since it is comman to both waves and w re interested only inthe
phase difference. Itshould be noted that the phase
shift of the phase conjugator is common to both waves
.'

conjugate fiber-optic gyro preserve polarization,9 then
nonpolarization-preserving single-mode fibers, and
even multimode fibers, can be used in the gyro.
In the externally pumped configurations described
in Ref. 3 and 5,the fiber-optic coils can be no longer
than the coherence length of the laser. This limits the
sensitivity of the device. It is true that longer coils can
be used if a polarization-preserving fiber of equal
length is used to carry the pumping waves to the
phase-conjugate mirrors. However, this defeats the
above-mentioned advantage in that the phase-conjugate gyro can use inexpensive multimode fibers and
couplers. In this Letter we describe and demonstrate
a self-pumped configuration of the phase-conjugate
fiber-optic gyro that is not only simpler than the externally pumped configurations but also allows for the
use of fiber-optic coils that are longer than the coherence length of the laser.
enreeghos
t hea
othat

D

F1

s
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F

Fig. 1. Schematic of a self-pumped phase-conjugate fiberoptic gyro. Light from a laser is split b beam splitter BS
into two fibers Fl and F2 that are coiled such that light
travels clockwise in Fl and counterclockwise in F2. Light
traversing the fibers experiences phase shifts due to thermal.
mechanical, and rotational eftects. The self-pumped
phase-conjugate mirror PCNI produces time-reversed waves
compensate for the reciprocal phase changes produced
b\ thermal and mechanical eftlect- hut do not compensate
tor the nonreciprocal phase shift produced by rotation (Sagnac effect). Therefore rotation Can be sensed h\ measuring
the interference between the recombinng "aves at detector
l)

Figure 1 shows a schematic of a self-pumped phaseconjugate fiber-optic gyro. Light from a laser is split
by beam splitter BS into two fibers, F1 and F2. Fibers
F1 and F2 are coiled such that light travels clockwise
in F1 and counterclockwise in F2. Light waves tra0146-9592 s6 1o6.4-(:521.01

k1 d1 , or-

c
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only when both waves are reflected from the same
phase-conjugate mirror or when the phase-conjugate
mirrors are coupled)12 In the case of self-pumped
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phase conjugation in barium titanate, the two incident

waves interact by coherently pumping the Gscillation

-

of a resonator formed by internal reflections in the

crystal. 13 The counterpropagating waves in the reso-

nator provide the pumping waves for degenerate four-

wave mixing (DFWM) with the incident waves. Because of the resonance condition, the DFWM pumping
waves may be frequency shifted' 4' 5 with respect to the
incident waves, resulting in a frequency shift or timevarying phase shift for the phase-conjugate reflections. But again, since the two incident waves see the
same and
waves,
thisthephase
shift is
to
of common
this device
operation
affect
does not
both pumping
since it is sensitive only to the phase difference. The
phase shifts for the return trip in the fiber are given by
0, - 0,,, and ,., , note that the sign of the
reciprocal contribution is the same as before, whereas
the nonreciprocal contribution has opposite sign. In
the round trip, the reciprocal contributions cancel,
and net phase shifts are given by -2p,,, and -20,.,.
The phase difference measured by the interference at
detector D,
P = -2(k,,r_,s

nr)

= 47r(RIL, + R,L.2)/Xc,

pcrystal

(3)

is proportional to the rotation rate f2 and can be used
to sense rotation.
This configuration has several advantages over our
previously reported configuration., Here, we can use
self-pumped phase conjugation, with the obvious advantage of not having to provide external pump waves
that are coherent and form a phase-conjugate pair. In
the externally pumped configuration, the pump
beam(s) involved in writing the index grating must be
coherent with the probe wave to within the response
time of the phase conjugator, and the two counterpropagating pump beams must be phase conjugates of
each other to produce high-fidelity phase-conjugate
reflection. In initial experiments in which an entire
externally pumped phase-conjugate gyro was mounted on a rotating table, because of the slow time response of phase conjugation in the barium titanate
crystal used, vibrations of the mounts providing the
external pumping washed out the gratings involved in
the phase conjugation and precluded the measurement of rotation. As an additional advantage of the
self-pumped configuration, the sensing fibers F1 and
F2 can be made longer (thereby increasing the sensitivity) than the coherence length of the laser, provided
that they are equal in length to within the coherence
length.
Figure 2 shows the experimental setup of the selfpumped phase-conjugate fiber-optic gyro. Instead of
using two separate fibers as shown in Fig. 1, we use the
two polarization modes of a single polarization-preserving fiber coil. All experiments are done with the
argon laser runing multilongitudinal mode at 515
nm. The highly reflective beam splitter BS1 isolates
the laser from retroreflections. The polarization-preserving fiber F1 couples light from the laser to the
remaining part of the apparatus that is mounted on a

L,

=

\
-BS,

1'

- P
12

s2

B5

6
M2

0
1
-P
1S
PBS

.0,3

c

;

Fig. 2. Experimental setup of the self-pumped phase-conjugate fiber-optic gyro. Instead of the two fibers shown in
Fig. 1.the experimental setup shown here uses the two polarization modes of the polarization-preservingfiber-optic coil.
Light from the laser is incident upon polarizing beam splitter PBS1 with its polarization at 4,50 to the plane of the page.
The components reflected and transmitted by PBS1 travel
clockwise and counterclockwise. respectively, in the fiber
coil. The two beams recombine at PBSI and are then split
at PBS2. One of the beams has its polarization rotated by
PR. and both beams are incident upon a barium titanate
such that self-pumped phase conjugation occurs.

The reflected waves retraverse the fiber in an opposite sense.
recombine at PBS1. and travel back toward the laser with a
phase difference (. which is proportional to the rotation
rate. These waves are sampled by the beam splitter BS2.
and an additional phase delay of -,2 rad is impressed on
them when they propagate through the quarter-wave retarder X/4. The half-wave retarder is oriented such that the
intensities of the interferences measured bv detectors Dl
and D2 are proportional to sin : and -sin . respectivel.

rotating table. The output end of F1 is oriented such
that the polarization of light emerging from the fiber is
at 450 to the plane of the figure. The component
polarized in the plane of the page is transmitted by the
polarizing beam splitter PBS1 and travels counterclockwise in the fiber coil, whereas the component
polarized perpendicular to the page travels clockwise
in the fiber coil. The fiber coil is made of approximately 9 m of polaiL* on-preserving fiber coiled in a
square of 0.57-m sides and is oriented such that the
polarizations of the clockwise and counterclockwise
waves are preserved. When the two waves leave the
coil they are separated by a Rochon polarizer PBS2.
The polarization of the light that travels straight
through PBS2 is rotated by the polarization rotator
PR such that its polarization becomes identical to that
of the light deflected by PBS2. Both beams are incident as extraordinary waves on a barium titanate crystal such that self-pumped phase conjugation occurs. 6
The reflected waves retraverse the fiber in an opposite
sense, recombine at PBSI, and travel back toward the
laser with a phase difference o = 81rRLQ2/Xc. These
waves are sampled by the uncoated pellicle beam splitter BS2, and an additional phase delay of w/2 rad is
impressed on them when they propagate through the

688

OPTICS LETTERS / Vol. 11. No. 10 / October 1986

x004

/
•going

o.o4r
'-0.o1

2within

TIE t ISE:CONDS)
Fig. 3. Measurement of the Sagnac phase shift in the selfpumped phase-conjugate fiber-optic gyro. This figure

shows a chart recording of the output of a differential ampli-

fier connected to detectors D1 and D2 in the experimental
setup of a self-pumped phase- onjugate fiber-optic gyro
shown in Fig. 2. For t < 0. the gyro was stationary. At t= 0.

the gyro was rotated first clockwise, then counterclockwise

of using two fibers and the associated complexity of
terminating them on the same self-pumped polarization-preserving phase-conjugate mirror (four beams
into one crystal), it is necessary to ensure that
the light waves from the two fibers are coherent to
the response time of the phase conjugator (the
change in phase shifts for the two waves due to environmental effects on the fibers must be slower than
the response time of the phase conjugator). The second of the above-mentioned effects can be reduced by
wrapping the two fibers together so that they see nearly the same environment.
In conclusion, we have described a new type of

phase-conjugate fiber-optic gyro in which selfpumped phase conjugation can be employed to permit
tued

phsen

ug

at

ane eloed

thoer

the use of sensing fibers that are longer than the coher-

In other, externally

in a square-wave fashion for four cycles with an amplitude of

ence length of the laser source.

approximately 6°/sec. The experimentally measured phase
shift is in good agreement with the predicted phase shift of
0.04 rad.

pumped, configurations, it is possible to use fibers
longer than the coherence length of the laser by using a
fiber to carry the pumping waves. This, however,
complicates the setup and defeats some of the advantages of using phase conjugation. We have constructed a self-pumped phase-conjugate fiber-optic gyro and
demonstrated rotation sensing.
This research is supported by U.S. Office of Naval

quarter-wave retarder X/4. The half-wave retarder is
oriented such that the intensities of the interferences
measured by detectors D1 and D2 are proportional to
sin 0 and -sin 0, respectively. The signals from these
detectors go to a differential amplifier and a chart
recorder.
Figure 3 shows the signal from the chart recorder.
For t < 0,the gyro was stationary.

At t = 0, the gyro

was rotated first clockwise, then counterclockwise in a
square-wave fashion for four cycles with an amplitude
of approximately 6 0 /sec.

The experimentally mea-

Research contract N00014-85-C-0219.
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A laser beam incident on BaTjO 3 can cause a cone of lisght to exit the crystal If the incident beam jspcr.
,
extraordinary ray. the cone of light is formed by ordmnar% rays. The cone angle is fixed b% a phase-matchin-g <c'i i:ior
the incident and cone beams. Measurement of this cone angzle as a function of the incident angle is a simpIc 3n.~sr~~
method for determininLg the birefrincence of a BaTiO 3 crystal over the entire range of \kavelenpihs sshere -,.. r'i
photorefra ct ivu

*

A single beam of coherent Iioht incident on a
BaTiO I crN stal can cause a cone of light to emerge
fromt the far face of the crystal. This cone has a polarization orthogonal to that of the incident ray and appears wshen t'he incident beam is an extraordinarv rav
in the crystal. There have been previous accounts of/
rings. fans, and other forms of photoinduced light
scattering in photorefractive crystals. which have
been attributed to a variety of physical mechanismsBEN

-91]. Recently, similar light cones in BaTi10

3

haveFAN:

been reported and shown to be due to stimulated
two-wave mixing via the photorefractive effect [101.
Here, we account for the phase-matching condition
in BaTiO 3 for anisot ropic Bra&! scattering [1]]I by
using a simple geometrical construction to predict
the angular position of the tight in the exit plane. We
also show that precise measurements of the cone angle
can be used to determine the dispersion of the birefringence. iti e - no I of aBaTiO 3 sample.
Fig. I shows the expenimental setup. with a laser
-

beam incident on one of the a-faces of a BaTiO 3 cry'stal. The incident beam makes an angle 6 in air with
the face normal and is polarized to be an extraordinar\
rav. wi its elect ric-field vector in t he plane of inci-

0 0304018 8 6 S03.50 T Elsevier Science Publishers 13..
(North-Holland Physics Pubbshing Division)

INCENT

LAE

-NMTE

-&,0

BEAM

SCREN

Fig. 1, Alaser beam ssit h emtraordinar\ polartzji wr
on a pholoret ractt'ec B T)0 3 C--\ksr cause, tanrv,. !-.,
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dence defined by the beam direction and the c-axis of
the crystal. A broad fan [12] of extraordinary light
is observed on the +c-axis side of the transmitted
beam, as shown in fig. 2a. Simultaneously. a single
ring of light with ordinaiy polarization appears on the
negative c-axis side of the transmitted beam (see the
multiple exposure photograph in fig. 2b). For an incident beam intensity of -1 W/cm" the fan and the
ring appear within a few seconds. As shown in fig. 2b,
the shape of the ring varies with the angle of incidence.
The ring is visible for both positive and negative angles
of incidence 0 (with positive 0 defined in fig. 1). although for negative angles the ring intensity is diminished because self-pumped phase conjugation [13] depletes the incident beam intensity.
The rings observed in fig. 2b for BaTiO 3 result
from anisotropic Bragg scattering [I ] of the incident
beam off photorefractive gratings formed during
beam fanning [10]. The incident beam. with wavevector K i , scatters from defects or impurities into a
broad fan having a range ofwavevectors Kf. These
scattered beams interfere with the incident beam and
create photorefractive index gratings with wavevectors
K given by

I

,

K = Kf - K i .

(I

The incident beam then Bragg-scatters off these gti:ings and either reinforces or depletes the fanring
beams by two-wave mixing [14] depending on the
sign of the projection of K onto the positive c-ams'
direction. The collection of all amplified scattered
beams is a broad fan of light directed towards the
positive c-axis side of the crystal.
The photorefractive grating wavevectors K forme'
during beam fanning can also deflect the incident
beam into a cone of light. As illustrated in fig. 3a.
some of these photorefractive gratings will have " a evectors of exactly the right length and direction -K
to deflect the extraordinary incident wavevector K
into an ordinary' ring beam K
Ky= Ki - K.
Eliminating K from eqs. ( jand (2) gives the phasematching condition
= IA' i Kf.
(3)
Eq. (3) selects a cone of wavevectors K as can be
seen in the following simple geometrlQ interpretation.
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Fig. 2. Patterns of scattered tight observed on a vie",ins screen oriented normal tc, the transmitted beam a Photograph,1 50
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nL!
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The locus of all possible K, (ordinary ring beams) is a
sphere of radius 27rn o ,. The locus of all possible Kf
(extraordinary fanned beams) is an ellipsoid of revolution with semi-minor and semi-major axes of lengths
27ntr
2
ffe/; and 21rno/k, respectively. Displace the center
of the ellipsoid from the center of the sphere by an
amount 2K i . Then the intersection of the ellipsoid
and the sphere selects a cone of phase-matched wavevectors Kr. Fig. 3b shows this geometric construction
in the x-z plane. while fig. 3c extends it to three dimensions. As can be seen in fig. 3c. the intersection
of the two normal surfaces is a ring centered around
the direction of the incident beam. For materials with
small birefringence. this nng is approximately a circle
inside the crystal.
The intensit. and the polarization of the cone c
light is determined by the electro-optic tensor of the
crystal. BaTiO 3 has point group symmetry 4mm. and
its largest electro-optic coefficient is r4 2 r 51 = 1640
pm'V 1151. A photorefractive space-charge electric
field ES, = (E x . Ey. E:) formed during beam fanning
will, through the r4 2 coefficient, cause a change in
the susceptibility tensor Ix given by [16]

/
L=,

0
0

0
0

ar4 2 E,
ar 4 E.

(4)

S r.IClosed-form
r0/

where a = -e 0 feJ4r with e and cc being the static dielectric constants along the a- and c-axes. respectivel .
The -1X1 3 =AX3 1 components in eq. (4) produce
beam fanning by coupling the incident extraordinary
beam. whose polarization vector is in the x-z plane,
into the extraordinary fanned beams, which also haxe
x-z polarization. The AX2 3 = AX3 2 components produce anisotropic scattering of the incident extraordinary beam into the ring beam. which has ordinary
(y) polarizatici. Anisotropic scattering of a beam
into the x-z plane itself cannot occur because if the
grating K lies entirely in the x-z plane then Ey = 0.
and the intensity of the anisotropically scattering
beam is zero [10]. Thus is evident in fig. 2b. where
the observed intensity of the conical diffraction
vanishes along the plane of incidence.
The angular position and shape of the diffraction
cone depend on the angle of incidence, as observed in
fig. 2b. Referring to fig. 3b. for a given incident beam
426
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angle 0 inside the crystal, the diffraction anc., a, in.
side the crystal in the plane of incidence ca,. hL oh.
tained from
)
) 1 n-n
2 2 + new(5
nOV
e

where
os(6,+ a,

(6)

and

the ef.
with n, (0) = none/(n. sin'e, + n o cos-0)
fective extraordinary refractive index at an incident
angle 0,.
For normal incidence (0 = 01 = 0). the imcmi dif.
fraction angle a, in the plane containing ihi lnJcm
beam and the c-axis is given by
(SaI
+n .
cosa i n(n
and for scattering in the plane containing thc ]ncident
beam but normal to the c-axis is given b,
(6b)
Cos a, (3n + n 2 )/(4n n).
e

o

eo

For small birefringence. eq. 8(a) is vald fo: an- incident angle 01 ifn e is replaced b? the eflec'ie index
n 1(0,), defined after eq. (7) above.
expressions for the diffracti-,n angle o
of the ring beam outside the crystal car he obtained
using Snell's law. For normal incidence. assuming a
fractional birefringence much less than uniy ((n, -ti)
n o :- 0.025 in BaTiO 3 ) and using small ancle approximations. the external scattering angle a becomes
(9)
ne)I 1 2
in both planes associated with eqs. (8a) and (Sb). that
is. the external diffraction ring is nearly circular al
0 = 0. As a function of the incident angle 0 outside of
the crystal, the external diffraction angle a in the
plane of incidence can be obtained from a quadratic
solution to eqs. (5 -(7) for small internal angles and
Snell's law. Out of the plane of incidence, the external
angle of diffraction can be determined numerical]l.
Fig. 2c shows the calculated shape of the diffiaction rings external to the crystal using the values [17]
n o = 2.521 and n. - n, = -0.072. Excellent agree.
ment between theory and experiment is seen by cornparing figs 2b and c. As the angle of incidence 0 increases. portions of the diffraction ring eventuallx un0

[n0 (no

-

Volume 59. number 5.6

4

OPTICS COMMUNICATIONS

dergo total internal reflection at the crystal's exit
face, and the rings become open-ended teardrop
shapes. as shown in figs. 2b and c.
At large scattering angles, where the diffracted ring
approaches total internal reflection (0 + a - 9 0 0 in
the plane of incidence). the precise direction of the
scattered light is a sensitive function of the birefringence ne - no in the crystal. Consequently, a
measurement of a versus 8 provides a simple method
to determine the birefringence in a photorefractive
BaTiO 3 sample. This method is independent of crystal length. unlike traditional methods of determining
birefringence where a phase retardation between orthe.
gonal polarizations is directly measured. Fig. 4 shows
the dependence of Q on 0 for one BaTiO 3 sample at a
number of visible wavelengths,(from HeNc. Ar' and
R6G-dye laser sources). Sincelthe intensity of the ring
approaches zero in the x-z plane (see eq. (4)). the
data were taken by projecting the path of the ring into
this plane. Uncertainty in the precise orientation of
the crystal's c-axis with respect to the fabricated faces
is a possible source of error. However. we found that
rotating the crystal by 180 about the v-axis gave the
same measured values for ihe scattering angle (although nowk in the opposite direction), as long as care
was taken to locate the angle 0 = 00 by retroreflecting
the incident beam off the back a-face of the crystal,
so0
SYMBOL

(A,

-

579
6145
40-

/

*

5674t

:r

6003
6328

-

1 October 1986

By performing a nonlinear least squares fit to the
data in fig. 4 using the closed-form solution to eq.
(5) and by assuming a value for no [17], the birefringence ne - n o at each wavelength has been obtamed with an estimated accuracy of -1.57. The resuits of this fitting procedure are given in table I and
closely agree with the values previously reported in
the literature [171. (Note: the Sellrneier coefficients
for BaTiO 3 reported in ref. [17] are better than
those in ref. [18] for calculating the birefringence.)
A measurement of the room-temperature birefringence
in six different BaTiO 3 samples [19] at X = 4880 A
gave the same value with a standard deviation of 1.4
X 10- 3 even though these crystals exubit different
photorefractive behavior.
Multiple conical diffraction rings are observed in
photorefractive BaTiO 3 in two different situations.
First. if more than one beam is incident on a crystal.
extra diffraction rings appear. For example, in tskowave mixing with two incident beams, each beam
produces its own ring via the phase-matching process
described in fig. 3. In addition, two other diffraction
rings are also present. Both of these extra rings are
due to anisotropic Bragg diffraction of either incident
beam off the photorefractive gratings generated via
beam fanning of the other incident beam. Secondly.
a transient diffraction ring is visible when the incident angle of a single beam is abruptly changed. The
photorefractive gratings stored in the crystal from
beam fanning for the previous angle of incidence can
anisotropicall\ Bragg-scatter the neA incident beam

Ji
JT.i /
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Fig 4. Measured external ring diffraction angle a versus incident angle 0 as a function of \ avelength for one photorefractive BaTiO 3 crystal. The solid curves are nonlinear least
squares fits to eq IS)(asdescribed it the text) and provide
the values for the birefringence hsted in tale I.
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into a transient ring. However, as the new fanned
light and corresponding diffraction ring at the new

14] R. Magnusson and T.K. Gaylord, App). Optics 1(1974i 1545.

angle of incidence become more intense, the previous
photorefractive gratings are erased and the transient

151

5.1. Ragnarsson. Appl. Optics 17 (1978) 116.

16]

I.R. Dorosh, Yu.S. Kuzminov, N.M. Polozko%, A.M

ring disappears.
In conclusion, we have observed and explained the

Prokhorov, V.V. Osiko, N.V. Tkachenko, V.V. \oronr,.
and D.Kh. Nurligareev, Phys. Stat. Sol. (a) 65 ( 19,
513.

appearance of conical diffraction rings, both transient

[7

and steady state, caused by anisotropic Bragg scattering off self-induced photorefractive gratings in BaTiO 3.

Phys. Sol. St. 25 (1983) 1887.
18] R. Grousson, S. MaUick and S. Odoulov, Optics
51 (1984) 342.

Since these gratings are birefringent. the polarization

of the rings is orthogonal to the extraordinary polarization of the incident beam. A precise measurement
of the diffraction angle of the rings provides an accurate value for the birefingence of the BaTiO 3 crystal.
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Using a singie self-pumped crystal of bariim titanate, we demonstrate a method for producing the phase conjugate

of an incident wave having arbitrary polarization. Our experimental results show that the phase-conjugate wave
produced by this method reproduces both the ellipticity and the helicity of the polarization of the incident wave.

Mo)Rt demonstrations of the correction of wave-front
distortions by phase conjugation use linearly polarized
light and optically isotropic wave-front-distorting media. In some cases, however, one may also wish to
correct for the changes in polarization induced by optically anisotropic media. For example, one may wish
to correct for the polarization scrambling due to environmentally dependent birefringence that is a source
of noise and signal fading in fiber-optic gyros. t Selfpumped phase conjugation is efficient in barium titanate2 but only for extraordinary light since it utilizes
the large electro-optic coefficients r 42 and r5i. In this
Letter we demonstrate a scheme for using a single selfpumped crystal of barium titanate to produce the
phase conjugate of a wave having arbitrary polarization.
In general, the reflectivity of a phase-conjugn zz:
mir
ror is described by a 2 X 2 tensor that determines the
amplitude, phase, and polarization state of the reflected light. Only when this tensor reduces to a scalar can
a I hase-conjugate mirror correct for both the wavefront distortions and the changes in polarization induced by optically anisotropic wave-front-distorting
media. 1 We call a phase-conjugate mirror for which
the reflectivity tensor reduces to a scalar a polarization-preserving phase conjugator (PPPC). To show
that a PPPC can correct for the change in polarization
state introduced by optically anisotropic media, consider the situation of a plane wave with polarization
state described by a vector amplitude A:
[A]
=A,
(1)

Ac

=

T

TA,

= [t"

Lt'

(6)
rA* for R = r, TT* = 1.
Since this is proportional to the phase conjugate of the
incident wave, the polarization of the reflected wave is
identical to that of the incident wave. Thus we have
shown that a PPPC can correct for the change in polarization state introduced by optically anisotropic media. The PPPC cannot correct for the changes in
polarization introduced by nonreciprocal phenomena
such as the Faraday effect, where TT* F 1.
Several methods have been proposed for polarization-preserving phase conjugation. 3.5.6 PPPC's can be
made by using media that have a tensor reflectivity, by
decomposing the incident wave into two components
having orthogonal polarizations, phase conjugating
'
these components, and recombining the conjugates.
The resul6 is a PPPC only if the components recombine with the correct amplitude and phase. This is
ensured if the losses and the amplitudes and phases of
the complex phase-conjugate reflectivities are the
same for both components. A schematic of our PPPC
that uses this method is shown in Fig. 1. To understand how it works, consider an incident wave having a

(2)

4

where T is a Jones matrix that describes transmission
through the anisotropic medium and where t,, t I.
t,,,
and t,,are the tensor elements. After the wave is
reflecaed from the phase-conjugate mirrr ', its amplitude becomes
Q~l-46-9,594

)-03
ii,)6 ( '0

)0 )/0

(

Since in general this is not proportional to the phase
conjugate of the amplitude of the incident wave, the
returning wave does not have the same polarization as
the incident wave. However, if the reflectivity tensor
reduces to a scalar r, then the amplitude of the reflected wave becomes
-[r 01
rTT*A* forR Lr
= r.
(5)
LO
For optically anisotropic media, such as birefringent
or optically active media, the Jones matrix has the
property TT* = 1. In this case, the amplitude of the
reflected wave becomes

tx/

tJ'

R

where R is a tensor that describes reflection from the
phase-conjugate mirror and where r,,rx
1 , rx, and r,,
are the tensor elements. After the returning wave
passes back through the anisotropic medium, its amplitude is given by
TRT*A*.
(4)

that is incident upon an optically anisotropic medium,
followed by a phase-conjugate mirror. After the wave
passes through the anisotropic medium, the amplitude
becomes
A'

R(TA)*,

c

-o
-t
a S_ cietv

rnp -,u
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Fig. 1. PPPC. Light incident upon the polarizing beam
splitter PBS is decomposed into two orthogonally polarized
components. One component is rotated 900 by the halfwave retarder X/2. Both components are incident upon a
barium titanate crystal such that self-pumped phase conjugation occurs. When the two conjugates recombine at PBS,
they form a conjugate wave that reproduces the polarization

the crystal. In the experiment, the path lengths from
the polarizing beam splitter to the crystal were made
equal to within the coherence length of the laser. The
excellent frequency locking"' of the conjugates when
both beams are present is indicated by the fact that no
beating is detected in the return from the PPPC.
To show that the PPPC reproduces the ellipticity of
polarized light, we use the experimental setup shown
Fig. 2(a). A highly reflective beam splitter BS1
isolates the laser from any retroreflections of its output. The in
polarizer
P1 of
ensures
that the
is linearly
polarized
the plane
the figure.
In light
all the
experieWpat
-1
i
p resnted here the owerer P1
ments presented here, the power after P1 iso1 mW at
514.5 nm. Either a half-wave retarder X/2 or a quarter-wave retarder X/4 is used to alter the polarization
state of the light. This licht is then reflected from

of the incident light.

polarization described by a complex vector amplitude
A = (a,, a2). This wave is decomposed into two orthogonally polarized components, (a,,0) and (0, a2), by
the polarizing beam splitter PBS. The component
with polarization orthogonal to the plane of the figure
(0, 02) has its polarization rotated by the half-wave
retarder X/2 such that its polarization state becomes
(a2,0). Both components are incident upon a barium
titanate crystal at an angle such that self-pumped
phase conjugation occurs.- Since both components
have the same polarization and are reflected from the
same phase-conjugate mirror, they experience the
same complex phase-conjugate reflectivity r, becoming r(ai*, 0) and r(a2 *, 0). The half-wave retarder
restores the second of these components to its original
polarization, r(0, a.2 *). When the two components
recombine at the polarizing beam splitter, they form
the phase conjugate with the same polarization as the
incident wave, r(ai*, a2*) = rA*. Thus the configuration shown in Fig. 1 acts as a PPPC; henceforth we
refer to it as "the PPPC."
Using the self-pumped configuration in the PPPC
results in a frequency shift between the components
incident upon the crystal and their conjugates.8 .9
However, since both components are incident upon
the same region of the crystal, they see the same
pumping waves, and therefore they experience the
same frequency shift and phase-conjugate reflectivity.
In fact, the two beams can be thought of as two components of a single probe beam. In the experiment, the
two beams are made to overlap by aligning mirror M4
while observing the scattered light from the beams in
the crystal. This procedure is sufficient to obtain the
results presented here, and exact alignment is not required. The two beams interact by coherently pumping the oscillation of a resonator formed by internal
reflections in the crystal.'
The counterpropagating
waves in the resonator then provide the pump waves
for degenerate four-wave mixing (DFWM). Since tie
two beams entering the crystal see the same pump
waves, they experience the same DFWM reflectivity,

It should be noted that the two beams entering the
crystal must be coherent to within the response time of

P2

D
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,. ,$
(a)
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OLA

ANGLE
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.34.
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s

(C)

Fig 2. Reproduction of the ellipticityof polarized light by
the PPPC. ial Experimental setup. A half- or quarterwive retarder alters the polarization state of light incident
on a normal mirror M or the PPPC. (b) Measured angle of
polarization for the reflection from the PPPC versus that
from M. (c)Measured polarization ellipse for the reflection
from the PPPC dotted line) compared with that from M

isolid lineI.
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the polarization of the incident wave. To show that it
reproduces the helicity of the polarization of the incident wave, we use the setup shown in Fig. 3(a). A
quarter-wave retarder X/4 is placed between the sampling beam splitter and the mirror and is oriented such
that the light incident on the mirror is converted from
linearly polarized light to circularly polarized light.
Figure 3(b) shows the measured polarization ellipses
for the normal mirror and the PPPC. Light reflected
from the normal mirror changes helicity.

-7

After the

reflected light passes back through the quarter-wave
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retarder, its polarization is orthogonal to the incident

,o-3,

light.
is the
which
isolationThis
works.
Onprinciple
the other by
hand,
lightquarter-wave
reflected by
the PPPC has the same helicity as the incident light
and returns to its original polarization state after pass-

PHASECONJUGATE
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T

back through the quarter-wave retarder.

Eing

In order to quantify how well the technique works
when
is an ataberration
in theofbeam,
a multimode
fiber there
is placed
the position
the quarter-wave

DOUBLEPASATHROUGH
OUARTERWAVE RETARDER

(b)

Fig. 3. Reproduction of the helicity of polarized light by
the PPPC. (a) Experimental setup. The quarter-wave retarder X/4 is oriented such that the light incident upon M or
the PPPC is converted from linearly polarized light to circularly polarized light. (b) Measured polaiization ellipses for

retarder in Fig. 3(a). The multimode fiber scrambles
the polarization of the input wave. With a normal

the reflections from M and the PPPC aft.

polarization).

retraversing X4.

either a normal mirror M (multilayer dielectric high
reflector) or the PPPC. The reflected 'ight is sampled
by the beam splitter BS2, and it is analyzed by the
combination of polarizer P2 and detector D. Since
BS2 is an uncoated pellicle beam splitter used near
normal incidence (the angle of incidence is exaggerated in the figure; the actual angle of incidence is 2° ), the
reflection coefficients for the s and p polarizations are
nearly equal and the polarization measured by P2 and
D is nearly the same as that reflected by M.
Figure 2(b) shows the measured angle of polarization for the reflection from the PPPC as a function of
the measured angle of polarization for the reflection
from the normal mirror M for various orientations of

the half-wave retarder.

mirror at the end of the fiber, approximately 50% of

the power returns in each of the two linear-polarization states (parallel and orthogonal to the linear input
less than 1% of the light returns with the orthogonal
polarization.
In conclusion, we have demonstrated a polarizationpreserving phase conjugator that is capable of correcting for both the phase distortions and the changes in
polarization induced by optically anisotropic phasedistorting media. Potential applications of this device include the phase-conjugate fiber-optic gyro12, 13
and interferometry with multimode fibers.' 4
This research is partially supported by the U.S. Ofice of Naval Research under contract N00014-85-C-0219.
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Absolute Phase Shift of Phase Conjugators
Ian McMichael, Pochi Yeh and Monte Khoshnevisan
Rockwell International Science Center
1049 Camino Dos Rios, Thousand Oaks, CA 91360
Abstract
We present theoretical expressions and experimental measurements of the absolute phase
shifts of phase conjugators. Photorefractive media, transparent media, saturable absorbers and saturable amplifiers are considered in the analysis. Experimental measurements of
the absolute phase shifts are presented for barium titanate, strcnti.. balium nlobdLe and
ruby.
Introduction
Although the reflectivity of phase conjugators has been of significant interest
This phase
recently, the phase of the phase-conjugate wave has received little attention.
If this phase can
determines the operating point of some phase-conjugate interferometers.
be controlled, the interferometers can be biased at the operating point of highest sensitivity and linear response (quadrature). With this motivation, we have studied the
absolute phase of phase conjugators theoretically and experimentally.

Theory
We consider the usual case of degenerate four-wave mixing of two countepropagating pump
waves having amplitudes Ai and A2 with a probe wave having amplitude A4 propagating in the
Let the phase
+z direction and a phase-conjugate wave A3 propagating."n the -z direction.
of the phase-conjugate reflection 03, where An = JAnle' n, be written as,

03 = 00 + 01 + 02 - 04

(1)

We then refer to Oo as the absolute phase shift of the phase conjugator. The phase shift
0o can be obtained from the solution of the coupled-wave equations describing the degenerate four-wave mixing. In general, Oo depends on the type of grating (index, absorption,
or gain) involved in the degenerate four-wave mixing, the phase shift of this grating with
respect to the light intensity pattern that produces the grating, and the intensities of
the interacting waves.
For a photorefractive medium, the complex amplitude of the phase-conjugate wave at the
input to the medium (z = 0) is given by,'
A 3 (0) = A 4 *(0)(AI/A

2 *)(e-Y'-

l)/(r-le - yL + 1)

(2)

where L is the length of the medium, r is the pump-beam intensity ratio,
r

IA 2 /Al1

=

2

(3)

and y is the complex coupling constant that depends on the physical process involved in
the generation of the hologram. If ones makes the usual assumption that the phase grating
in photorefractive media is shifted by n/2 radians with respect to the intensity pattern,
then y is real and the phase shift of a photorefractive phase conjugator is
0 for y < 0

0=
-

for y > 0

(4)

For degenerate four-wave mixing in a transparent medium with a local response (no phase
shift of the index grating with respect to the intensity pattern), the amplitude of the
2
phase-conjugate wave at the input of the medium is given by,

A3 (0) = -iA4*(O)(I
where

K

*i/1K)

tan

IKIL

(5)

is the complex coupling constant,

K* = (2%w/cn)XAiA 2

(6)

From Equations (5) and (6), we obtain the phase of the phase conjugator for a transparent
medium with a local response,
0

=

-x/2

= +/2

for X > 0
X < 0

for

(7)

Finally, for degenerate four-wave mixing in a saturable absorber or amplifier with a
local res onse, the amplitude of the phase-conjugate wave at the input of the medium is
given by,

A 3 (0)

-iK*A

[sin wL/(w cos wL + aR sin wL)]

4 *(0)

K*= ia0 [(l-i6)/(l + 62)]

(2AIA 2 /Is)/(l + 41/Is) 3/ 2

a

a0[(l - i6)/(l + 62)]

(1 + 2/1IS)/(l + 41/Is) 3 /

w

(IK1

2

- aR2)1

/ 2

(8)
(9)
2

= QR -

ia I

(10)

(11)

ao is the line-center small-signal field attenuation or gain coefficient, Is is the
saturation intensity for the detuning from line center 6, and I is the intensity of the
pump waves (II = 12 = I).
If the frequency of the interacting waves is on resonance with
the atomic transition of the medium, then 6 = 0 and w is imaginary. From Equation (8), we
obtain the phase of the phase conjugator for degenerate four-wave mixing on resonance with
a saturable absorber or gain medium,

00

=

0 for

a, > 0

= n for ao < 0

(12)

Experiment
To measure the phase of the phase-conjugate reflection Oo, we use the experimental
setup shown in Figure 1. Light from a laser is split by beamsplitter BS into two arms of
an interferometer.
In the reference arm of the interferometer, the light transmitted by
BS passes through a photorefractive crystal XTL, and is retroreflected by mirror MI.
This
provides the counterpropagating pump waves for degenerate four-wave mixing in the crystal.
In the signal arm of the interferometer, the light reflected by BS is then reflected
by mirror M2 to provide the probe beam for degenerate four-wave mixing.
The intensity
measured by detector D is given by

I = 11 + 12 -

2

I1

2

cos 0 0

(13)

where Ii and 12 are the intensities of the combining waves.
This equation indicates that
the operating point of this interferometer is completely determined by the absolute phase
of the phase conjugator Oc, and is independent of phases of the pumping and probe waves.

SC85-32005

D

BS

L

M1

M2
Figure 1.

Experimental setup used to measure the absolute phase of phase conjugators.

To derive Equation (13), we consider a light wave of unit amplitude that is incident on
the beamsplitter BS. The amplitudes of the transmitted and externally reflected waves are
then t.%nd r, respectively. The amplitudes of the pumping waves at the crystal are te1~i
and te1 2, and the amplitude of the probe wave is relo , where the phase factors o
describe the accumulated phase for propagation from the beamsplitter to the nonlinear
medium. These three waves interact in the nonlinear medium to produce a phase-conjugate
wave with an amplitude A3,

A 3 = pt2r*ei(OO

+

01

+

02

-

(14)

04)

where p is a real constant describing the reflectivity of the phase conjugator. When this
wave returns to the beamsplitter, it combines with the wave retroreflected by mirror Ml to
produce an intensity I at the detector D given by
I = Ipt2r*ei(O0

+ 01 + 02) + trei(01 + 02)12

(15)

where r' is the amplitude reflection coefficient for internal reflection from the beamsplitter. Using the Stoke's relation tr* = -t*r*, we can obtain Equation (13) from
Equation (15).
In principle, Oo can be determined from a measurement of the intensities.
However, in
practice, the uncertainties in measuring the intensities do not allow for an accurate
determination of Oo.
A more accurate determination can be made by modulating the phase of
the cosine term at a frequency w and measuring the ration R of the fundamental power to
the second harmonic power at the detector. In the experiment, a piezoelectric transducer
is attached to the mirror M2 to produce a phase modulation Om sin wt. The phase modulation is faster than the response time of the nonlinear medium in which the degenerate
four-wave mixing takes place so that it is not compensated by phase conjugation. The
amplitude of the phase modulation is small (0, < < %) so that the gratings involved in the
degenerate four-wave mixing are not washed out. The time varying intensity at the
detector D is proportional to,

-cos(0 0 + Om sin wt)

(16)

From this equation, we obtain the ratio R of the fundamental power to the second harmonic
power
R = [Jl(Om)/J

2

(0m)]tan~o

where Ji and J 2 are Bessel functions.
conjugate reflection is given by
00

- tan- 1 (R/4)

(17)
For

0

m

<

n

'

the absolute phase shift of the phase(18)

|

I-

Results
Using the technique described above, we have measured the phase shift of the phaseconjugate reflections from barium titanate, strontium barium niobate and ruby. Our
results are given in Table 1, where \O is the angle between the grating k vector and the
crystal axis.
Table I.

Phase of Phase-Conjugate
Reflections

Material
BaTi0

8

$0

00
450

3

SBN

Ruby

(19 t
(6 t

3)0
4)0

1350

(176 Z 3)0

1800

(164 • 3)0

00

(3

1800

(175

-

3)
t

(80 *

5)0

5)0

For the photorefractive materials BaTi03 and SBN, the measured values of $o compare well
with the expected values from Equation (4).
The difterences between the expected values
O0

00 and 1800, and

the measured values

$0

= (19 * 3)0

and (164 t 3)0

for BaTi03 at

0 - 00 and 1800 indicate that the index grating is not shifted by exactly %/2 radians, as
is often assumed. We have verified this fact by an independent measurement of the twowave mixing gain r as a function of the frequency detuning between the two waves. The
fact that for ruby, $o is close to 900, indicates that the grating involved is predominantly an index grating rather than an absorption grating.
Simmary
We have presented theoretical expressions and experimental measurements of the
absolute phase shifts of phase conjugators. Photorefractive media, transparent media,
saturable absorbers and saturable amplifiers were considered in the analysis. Experimental measurements of the absolute phase shifts for barium titanate, strontium barium
niobate and ruby are in good agreement with the theory.
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Parallel image subtraction using a phase-conjugate Michelson
interferometer
Arthur E. Chiou and Pochi Yeh
Rockwell InternationalScience Center, Thousand Oaks. California 91360
Received December 2. 1985: accepted February 20. 1986
A phase-conjugate Michelson interferometer using an internally self-pumped barium titanate crystal as reflectors
has been constructed to perform parallel image subtraction, intensity inversion, and exclusive OR logic operation.
These operations are independent of the optical path differences and phase aberration.

reflection coefficient of the phase conjugator be p. 16
The image intensity at the output port A is given by

We report parallel image subtraction, exclusive OR
(XOR) logic operation, and intensity inversion using a
phase-conjugate Michelson interferometer that consists of a beam splitter and a phase-conjugate reflector
in place of the usual interferometer mirrors (see Fig.
1). Such an interferometer is equivalent to the double
phase-conjugate interferometer and also exhibits time
reversal.'
Image subtraction has been a subject of considerable interest in signal processing. Electronic digital
processing of images is slow because of its serial nature. Optical techniques offer the capability of parallel processing over the entire images. The parallel
processing is versatile and inherently faster. The

) = IEYI'pi t'r'T(x, Y)+ r-tT2(x, v)12 , (1)
where r and r' are the amplitude reflection coefficients
of the beam splitter BS 2 for beam incidence from the
left and right sides, respectively; t is the amplitudetransmission coefficient; * denotes complex conjugation; and T;(x, y) and T 2(x. y) are the intensity-transmittance functions of transparencies I and 2, respectively. Using Stokes's relation'IA(x'

(2)
r't* + r*t = 0,
Eq. (1) for the intensity at the output port becomes

technique of optical image synthesis by the addition
and subtraction of the complex amplitude of light was
first described by Gabor et al.2 The basic principle

IE ipI2RTIT,(x,y) - T2 (x,y) 2, (3)
where R and Tare intensity reflectance and transmittance, respectively, of the beam splitter BS 2 . Note
that the output intensity is proportional to the square
of the difference of the intensity-transmittance functions.
The 180-deg phase shift between the two images as
dictated by the Sukrss relation plays a crucial role in
this image-subtraction technique. The Stokes relation holds for any lossless dielectric mirror and results
directly from the time reversal. Such a relation was
first predicted by Stokesl s in the nineteenth century
and was not proved experimentally until recently by
s
using phase-conjugate reflectors.' The phase-conjuJA(X, Y)

consists of spatially modulating the two images by
periodic waves that are mutually shifted by a phase of
180 deg. 3 4
Although there are other techniques of image subtraction,1 -6 interferometers such as the MachZehnder or Michelson offer convenient ways for the
addition and subtraction of the complex amplitt.de of
images. 9-11 In the interferometric methods the subtraction is obtained by introducing the two images
symmetrically in the two arms of the interferometer
where a path difference corresponding to ir phase shift
exists between them. It is known that the interferometers are extremely difficult to adjust and that they
cannot easily maintain the fixed path difference. In
addition, only the center fringe is useful for image
subtraction or addition. In many cases the center
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fringe is not large enough to cover all the images. The
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new method of parallel image subtraction by phase-

conjugate interferometry described in this Letter
-eliminates these two problems.
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In our phase-conjugate Michelson interferometer, a
plane wave with amplitude E is divided into two by the
beam splitter BS2 . Each of these two beams passes
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through a transparency and is then reflected by a selfpumped BaTiO 3 phase conjugator. 12 i When these
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two phase-conjugated beams recombine at the beam
splitter, image subtraction is obtained at the usual
interferometer output port A (see Fig. 1). Let the
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Fig. 1. Schematic diagram illustrating the basic idea of
coherent image subtraction and addition by a phase-conjugate Michelson interferometer.
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T 1 - T2 2

Ti

Fig. 2. Experimental results for the image subtraction and addition by the phase-conjugate Michelson interferometer. The
horizontal and the vertical bars are the images of transparencies 1 and 2. respectively, when the illuminating beam for the other
arm is blocked. The checkerboard patterns at upper and lower right are the intensity distribution of the coherent subtraction
and addition, respectively, of the two images.

gation process also eliminates the problems of phase
distortion and the critical alignment requirement associated with conventional interferometrv.
At the image plane B (see Fig. 1) the intensity distribution is given by
y)=11pI TT,(x, y) + R T(xy
(4)
l(x,y) =
TTwhen

performed with weighing factors T and R. respectively. The subtraction, however, is independent of the
ratio of R and T. Typical experimental results are
shown in Fig. 2. The horizontal and the vertical bars
in the upper photos are the images at output port
A(see Fig. 1) of transparencies 1 and 2, respectively,
the illuminating beam for the other arm is

In our experiment, an argon-ion laser (514.5 nm)
with output power of a few hundred milliwatts is used
as the coherent light source. The laser output, after
spatial filtering through a 5X microscope objective
and a 25-Mm-diameter aperture, is expanded and collimated to a 1-cm-diameter beam size. The collimated
beam is split into two by beam splitters BS- (intensity
transmittance, 64%) to illuminate the two transparencies (the horizontal and the vertical triplet baiz, from
the U.S. Air Force Resolution Chart). They are then
redirected and focused (f-number, f/50) onto the a
face of a BaTiO 3 crystal with angles of incidence of
approximately 15 and 19 deg. These beams are polarized in the xz plane (i.e., the plane of incidence) and
excite only extraordinary wave in the crystal. Both
beams self-pump the crystal and are phase conjugated
with a reflectance of about 32%. Each of the phaseconjugated beams retraces its incoming path backward through the transparencies, and the two recombine at the beam splitter BS2 . Note that the beam
splitter BS, simply serves physically to separate the
output port B from the input. It is not part of the
interferometer. At each of the interferometer output
ports, a lens (f-number, f/25) is used to image both
objects onto the image plane.
We have experimentally demonstrated that the two
images are subtracted from each other in the image
plane A and are added together in the image plane B.
These operations are independent of the optical path
lengths of the two arms of the interferometer. According to Eq. (4), the addition of the two images is

blocked. The upper right checkerboard pattern represents the coherent subtraction of the two images due
to destructive interference when both illuminating
beams are present. Note that the intensity distribution where subtraction takes place is fairly uniform
and is very close to that of the true dark background
(four dark squares where the dark regions of the bars
overlap). The lower photos are the corresponding
results at output port B where image addition takes
place.
The image subtracter can also perform logic operation. Consider the case when both transparencies are
either 1 or 0. According to Eq. (3), a complete cancellation would require that these two transparencies be
identical. An output intensity of 1 will appear at port
A when only one of these two transparencies transmits. Thus such an image subtracter can act as an
XOR gate. The truth table of such a logic operation is
given in Table 1. In the case when the transparencies
are encoded with a matrix of binary data, such an

Table 1. The Logic Operations Represented by the
Intensity 1.4
T,
I

1

0

0
0

01
1
0

1
0
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Fig. 3. Experimental results for the intensity inversion: (a) intensity distribution of the phase-contugate beam in the firs.',
arm with the transparency removed. (b) image of the transparency in the second arm. and Ici the intensity inversion of bi. tai
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The experimental results can be explained theoretically by the principle of time reversal.
Similar work has been carried out independently by
Kwong et al.19 and was reported recently.
The authors acknowledge technical discussions with
M. Khoshnevisan, M. D. Ewbank, and I. McMichael.
This research was supported partially by the U.S. Office of Naval Research under contract no. N00014-85C-0219.
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Several types of phase-conjugate gyro are proposed in the
literature.'- In this Letter, we describe anew type of fiberoptic gyro that uses the phase-reversal property of polarization-preserving phase conjugation. Although the insensitivity of phase-conjugate gyros to reciprocal phase shifts and
their sensitivity to nonreciprocal phase shifts such as the
Faraday effect have been reported. 34 to date no one has
demonstrated rotation sensing. In this Letter, we report the
first demonstration of rotation sensing with a phase-conjugate g.ro.
Polarization scrambling is a well-known source of signal
fading and noise in fiber-optic gyros. Polarization-preserving fibers and couplers must be used to decouple the two
states of polarization and hence improve the sensitivity . In
the phase-conjugate fiber-optic gyro. a polarization-preserving phase conjugator is used to restore the severely scrambled waves to their original state of polarization."
This
eliminates the signal fading and noise due to polarization
scrambling without the need for polarization-preserving fiber.
Referring to Fig. 1, we consider a phase-conjugate Michelson interferometer 9 in which a fiber loop is inserted in the
arm that contains the phase-conjugate reflector o*. We now
examine the phase shift of light as it propagates along the
fiber. From point A to point B, the light experiences a phase
shift of
2wRL.O
Xc
where k = (27rn)/, is the wave number and L is the length of
fiber, R is the radius of the fiber coil, f9 is the rotation rate. Ais
the wavelength, and c is the velocity of light. The second
term in Eq. (1) is due to rotation. In the return trip, the
phase shift is
21.RLP
o, = kL +
(2)
where we notice that the term due to rotation is reversed
because of the change in propagation direction relative to the
rotation. If there were no phase conjugation, the total
round-trip phase shift due to regular mirror reflection would
be 2kL. However. because of the phase reversal on phaseconjugate reflection, the round-trip phase shift becomes
MIRROR
OR

"rRL9

=

3

Xc
This phase shift can be measured by using the interference
with the reference beam from the other arm. Notice that as
a result of the phase reversal on reflection, the reciprocal
phase shift kL is canceled on completion of a round trip.
The net phase shift left is due to anything nonreciprocal such
as rotation.
This net phase shift is proportional to the rotation rate and
can be used for rotation sensing. In addition,6-if the phaseconjugate reflector is polarization-preserving, 8 it will produce a true time-reversed version of the incident wave and
will undo all the reciprocal changes (e.g., polarization scrambling, modal aberration, temperature fluctuation) when the
light completes the round trip in the fiber. Since the polarization scrambling and modal aberration of multimode fibers
can be corrected by polarization-preserving phase conjugation, multimode fibers can replace the polarization-preserving single-mode fiber in this new type of gyro.
Figure 2 shows a schematic diagram of the experimental
setup used to demonstrate the phase-conjugate fiber-optic
setup
Se t this
d experiment
e rat the
p notonuge
fiber-otic
gyro. Since
does
use a polarization.
preserving phase-conjugate mirror, it does not demonstrate
the correction of polarization scrambling. However, the
experiment does measure the phase shift described by Eq.
(3). A highly reflective beam splitter BSI isolates the argon
laser from retroreflections of its output. The light reflected
by BS2 is focused by lens L1 (60-cm focal length) into a
crystal of barium titanate to provide the pumping waves for
degenerate four-wave mixing (DFWM). The light transmitted by BS2 is split into two arms of a Michelson interferometer by BS5. One arm of the interferometer contains a 10-cm
radius coil of -7 m of optical fiber. Since the phase-conjugate mirror in this experiment is not polarization-preserving.
we use single-mode polarization-preserving optical fiber.
Light exiting the fiber provides the probe wave for DFWM.
The c-axis of the barium titanate crystal is parallel to the
long faces of the crystal and points in the direction of beam
splitter BS3. The pumping waves from mirrors M2 and M3
have powers of 18 and 3 mW, respectively, and their angle of
incidence is -45 ° . The probe wave, exiting from the end of
the fiber loop, makes a small angle (< 10° ) with the pumping
wave from mirror M2 and has a power of 0.7 mW. Under
these conditions we obtain a phase-conjugate reflectivity of
50% and a response time of 0.1 s. The reference arm of the
interferometer is terminated by a mirror M4 mounted on a
piezoelectric transducer so that the operating point of the
interferometer can be set at quadrature. Light from both
arms combines to form complementary fringe patterns at
detectors D3 and D4. Detectors DI and D2 measure the
powers in the recombining waves.
The fiber coil is rotated with the rest of the setup remaining fixed at various rotation rates [first clockwise (CWI, then
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Fig. 2. Experimental setup of the phase-conjugate fiber-optic gyro.
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tion sensing by a phase-conjugate gyro.
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Abstract
The reflection from most photorefractive, self-pumped phase conjugators differs in
frequency from the incident beam by a small amount (Aw/w - 10"15). A theory and the
supporting experiments which explain such frequency shifts are presented. In our theory,
four-wave mixing is responsible for the generation of the conjugated wave where a selfoscillation arising from photorefractive coupling provides the customary pumping beams.
The frequency of these pumping beams is determined by a resonance cavity geometry and may
be slightly different from that of the incident beam. Nondegenerate four-wave mixing using
these self-oscillating pumping beams give rise to the frequency shift of the phaseconjugate reflection. Experimental results are in good agreement with theory.
Introduction
Self-pumped phase-conjugate reflectors 1- 3 using photorefractive BaTiO3 have recently received considerable attention because 30-50% reflectivities are relatively easy to achieve
even with low-power lasers.
In self-pumped (or passive) phase conjugators, the counterpropagating pumping beams needed in the four-wave mixing process are automatically generated by light photorefractively diffracted out of the incident beam. However, the phaseconjugate reflection is generally shifted slightly in frequency when compared to the incident beam (on the order of 1 Hz depending on intensity).
This frequency shift has been
attributed to moving photorefractive gratings which Doppler shift the diffracted light.'
The physical mechanism, which is responsible for the moving gratings, is, however, not well
understood.
The frequency shift first manifested itself as a frequency scanning when self-pumped
BaTi03 was coupled to a dye laser.4 - 6 Since those initial observations, numerous experiments and theories involving self-pumped phase conjugators and/or photorefractive
7 -1 6 resonators have addressed, either directly or indirectly, the frequency shift issue.
However, a general theory and the conclusive experiments are not available.
In this paper we present a theory and the supporting experiments which explain such frequency shifts of most self-pumped phase conjugators. In our theory, self-pumped phase
conjugation results from an internal self-oscillation. The optical resonance cavity which
supports such oscillation is formed by either external mirrors or crystal surfaces. The
oscillating beams provide the counterpropagating pump beams which are required in the fourwave mixing process. The theory shows that despite the narrow gain bandwidth of the photorefractive two-wave coupling, internal oscillation can still occur over a large range of
cavity length detuning. The frequency shift is proportional to the cavity length detuning.
Such a dependence is explained by a photorefractive phase shift that is due to slightly
nondegenerate two-wave mixing. The additional photorefractive phase shift compensates for
cavity length detuning and satisfies the round-trip phase condition for steady-state
oscillation.
When the self-pumping beams are spontaneously generated via photorefractive coupling in a
linear resonance cavity with two external mirrors on opposite sides of a photorefractive
crystal such as BaTiO3, we observe that the frequency shift of the phase-conjugate reflection is directly proportional to cavity-length detuning. In the case where the selfpumping beams arise from internal reflections off the photorefractive crystal's surfaces,
we experimentally prove that a previous description 2 of the self-pumping process is inadequate and we show that a closed-looped resonance cavity forming inside the crystal is a
better description.
Theory
The theory is an extension of our earlier theory on unidirectional photorefractive ring
oscillators. 1 6 In this theory, amplification owing to holographic two-wave mixing in the
photorefractive crystal is responsible for the self-oscillation. When the configuration of
the resonance cavity relative to the crystal supports bi-directional oscillation, a phaseconjugate beam is generated via the four-wave mixing process. The parametric two-wave
mixing gain, defined as the output to input intensity ratio, is given bylE

1 + m
I + me

-goe
g

(1)

,

where m is the ratio of the pump beam intensity to oscillating beam intensity, a is the
bulk absorption coefficient, I is the length of interaction y is the intensity coupling
For crystals such as BaTiO3, this
constant, and go is the gain where there is no loss.
gain can be several thousand per pass. Thus oscillation can be sustained even in cavities
with high scattering, diffraction, and/or mirror losses.
The phase shift in traversing through the photorefractive medium for the oscillating beam
is
2(
0
)- not

+

(2)

,

where 27tn I/ is the phase shift in the absence of photorefractive coupling. The additional phase shift, &,, is due to the photorefractive two-wave coupling and is given by16
A4, -

log

1 +m
) =-::f log
YI
l + me-

(go

where V is the phase-coupling constant. 1 6
of absorption losses.

(3)

Note that this phase shift, L4,,

is independent

According to a nonlinear model of the photorefractive two-wave mixing, these coupling
constants (i.e., e and Y) are given by
=

Icossine
(4)

x cos

cost

,

where 6 is the half-angle between the pump beam and the oscillating beam.
and n I can be written, respectively,
o + tan- 1 (Q-)

=

(5)
The parameters o
(6)

and
n

1

1+

+2

2

(7)

where - is the decay time constant of the holograph grating, An. is the saturation value of
the photoinduced index change for degenerate two-wave mixing, t is a constant phase shift
related to the nonlocal response of the crystal under fringe illumination, and Q is the
frequency shift between the oscillating and pumping beams. According to Equation (1),
amplification is possible (i.e., g > 1) only when y > a. Note that gain is significant
only when Qi < 1. For materials such as BaTi032 and SBN, i is typically between 0.1 s and
1.0 s for nominal laser intensities (1-10 W/cm ). Thus, the gain bandwidth is only a few
Hertz. In spite of such an extremely narrow bandwidth, self-oscillation can still be observed easily at many" cavity length using BaTiO3 crystals as the photorefractive medium.
Such a phenomenon can be explained in terms of the additional phase shift (Equation (3))
introduced by the photorefractive coupling. This phase shift is a function of the oscillation frequency. For BaTiO3 crystals with yl > 4n, this phase shift can vary from -% to +i
for a frequency drift of AQt - * 1. Such a phase shift contributes to the round-trip phase
shift so that the latter can be an integer times 2n, a condition required for oscillation.
Concerning the initiation of the oscillation in the photorefractive resonator, like laser
oscillators, the oscillation starts from noises that are due to physical processes such as
scattering and quantum fluctuation. In photorefractive crystals, the scattering dominates
the noise contribution. At the beginning, a slight amount of light may be scattered along
the direction of the resonator. This slight amount of light will be amplified by the twowave mixing process in the photorefractive crystal, provided that the frequencies are not
appreciably different. As the intensity in the resonator builds up, the beam ratio parameter, m, decreases. The buildup of oscillation intensity leads to a saturation of the gain
(see Equation (1) where the gain decreases as m decreases). At steady-state oscillation,

the electric
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In

trip.

field must

both

in

conditions

phase and

intensity,
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round

as

kds = 2Ni

+f

(8)

and
gR=l

(9)

,

where 64, is the additional phase shift owing to photorefractive coupling, the integration
is over a round-trip beam path, N is an integer, the parameter R represents the cavity
losses (e.g., the product of the mirror reflectivities), and g is the parametric gain of

Equation (1).
If we define a cavity-detuning parameter Ar as
&r a 2N'%

-

f kds

(10)

,

where N' is an integer chosen in such a way that Lr lies between
oscillation condition (Equation (8)) can be written as

&(€= br + 2Mn

-

i

and + n,

then the

(11)

1

where M is an integer. In other words, oscillation can be achieved only when the cavity
detuning can be compensated bythe photorefractive phase shift.
Equations (8) and (9) may be used to solve for the two unknown quantities m and Q. If we
fix the pump intensity and the pump frequency, then Equations (8) and (9) can be solved for
the oscillation frequency and the oscillation intensity. Substituting Equation (1) for g
in Equation (9) and using Equation (3), we obtain
log (Re- a')

1=

(12)

This equation can now be used to solve for the frequency shift Q. For the case of pure
diffusion, using Equation (6) for € with €o = %/2 and Equations (4) and (5), we obtain from
Equation (12)

log R

=£-

al-

-2
Mn)(13)
log R

t

-2(r

+

where Ar is the cavity detuning and is given by Equation (10).
for g in Equation (9), we can solve for m and obtain
m

=

Substituting Equation (i)

lRe - al
Re-' I-e- Y1

(14)

Since m must be positive, we obtain from Equation (14)
oscillation
yl > YtA

F at -

log R

the threshold condition for
(15)

where ft is the threshold parametric gain constant. Since y is a function of frequency c,
Equation (15) dictates that the parametric gain is above threshold only in a finite spectral regime. Using Equation (1) for y, Equation (15) becomes
< [_
•0t o 1

I< at

lo_
g R

1)1/2

(6

I6

defines the spectral regime where
where yo is the parametric gain at Q = 0. Equation (16)
the parametric gain y is above threshold (i.e., y > yt ) .
We have obtained expressions for the oscillation frequency (Equation (13)) and the spectral regime where the gain is above threshold. The self-oscillation will be sustained only
when the parametric gain is greater than the round-trip cavity loss and the oscillation
frequency falls within this spectral region. The frequency shift is determined by Equation
AccordinQ to Equations
(13), with Ar being the cavity detuning given by Equation (10).

(15) and (16),
the resonator can be made to fall
below threshold
reflectivity, R.
When this happens, oscillations ceases.

by decreasing

the

The
r in Equation (10) is the cavity detuning and is defined between -% and %. However,
the photorefractive phase shift (3) can be greater than %. When this happens, the internal
oscillation may occur at more than one frequency. These frequencies are given by Equation
(13), with M = 0, i, *2,... etc.
In other words, for each cavity detuning ar, the resonator can support multimode oscillation, provided the coupling constant yo is large enough.
Note that when ol is large compared to the natural logarithm of the cavity losses, the
resonator can oscillate at almost any cavity detuning Ar; whereas when yol is small, oscillation occurs only when the cavity detuning is limited to some small region around ir - 0.
The interdependence of the cavity length detuning and the frequency shift between the
oscillating and pumping beams is a general property of photorefractive resonators. Such
frequency shifts have been measured in unidirectional ring resonators and self-pumped phase
conjugators using external mirrors. 1 5
In these two types of resonators, the cavity length,
cavity losses and two-wave mixing gain (via crystal orientation) can be varied in a controlled fashion. The results, described below, show that the frequency shift of the selfoscillation is directly proportional to cavity length detuning for both of these resonators
in excellent agreement with the above theory.
In self-pumped ph.ase conjugator using internal reflections, bi-directional internal
oscillations must simultaneously be present.
These two counterpropagating beams act as the
customary pumping beams of the four-wave mixing process.
If each of these pumping beams is
frequency shifted by 0, then the generated phase conjugate beam has a frequency shift of 20
as required by conservation of energy.
Experiments
Unidirectional

Ring Oscillator

Before describing the

frequency shift

experiments with self-pumped phase conjugators,

let's first review similar experiments performed on a unidirectional ring oscillatorl 5 with
only two-wave mixing photorefractive gain. The optical arrangement is shown in Figure 1
where two-wave mixing in BaTiO3 couples light from an argon ion laser into the unidirectional ring cavity, formed by two planar mirrors (Ml and M2 with the former being piezoelectrically (PZT) driven) and a planar beamsplitter (BS3).
The unidirectional oscillation
in the ring cavity (confined to a single mode by the pinhole aperture 1 7 ) is sampled via the
output coupler BS 3 , its intensity being measured at detector DI and the frequency shift
between the self-oscillating and pumping beams being determined interferometrically using
complementary fringe patterns at detectors D2 and D3.
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Optical setup fot a photorefractive unidirectional ring resonator with variable
cavity length. Two-wave mixing coupling in BaTiO3 provides the gain for selfoscillation. The beat frequency between the pumping and selfoscilatng beams
is derived from the motion of the interferograms at D2 and D3.
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Figure 2a shows the beat frequency, along with the ring cavity oscillation
a function of PZT mirror position or cavity detuning. A slow ramping rate of
ror is used to mimic steady-state for the two-wave mixing process in the slow
tire BaTiO3 while, at the same time, permitting a controlled variation of the
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Characteristics of the unidirectional self-oscillation as a function
of ring
cavity length (i.e., PZT voltage or cavity detuning where 100% implies a
(a) ring cavity intensity (right) and
detuning of one full optical wave):
beat-frequency signature (left); (b) frequency difference between the selfoscillation and pumping beam (solid line is a linear least squares fit to
data ).

The frequency difference between the pump beam and the unidirectional oscillation,
length.
as observed in the time-variation of the fringe pattern intensity shown in Figure 2a, is
When the mirror is exactly at the correct
clearly related to position of the PZT mirror.
position (here, arbitrarily assigned to be the "origin"), the fringe pattern is stationary,
The farther the PZT moves away from this "origin," the faster
i.e., no frequency shift.
the fringe motion and, hence, the larger the frequency difference, until the selfFigure 2b shows the linear dependence of
oscillation ceases (recall Equation 16 above).
the frequency difference on cavity detuning, determined from the time intervals between the
maxima in
the beat-frequency
signature.
This dependence agrees with Equation (13). Minor
deviations from the linear behavior could be due to air currents or the nonlinear response
in the PZT.
Note that the observed beat-frequency signature vs cavity length also reproduces itself periodically as the PZT mirror moves every half optical wavelength (see
Equation (11)).
In the above experiment, unidirectional oscillation is observed only when the ring cavity
length is "tuned* to an appropriate length by the PZT mirror and the beat frequency between
the unidirectional oscillation and pumping beam is directly proportional to the cavity
length detuning.
These observations are explained by the theory presented above.
Specifically , self-oscillation occurs only when the two-wave mixing gain, which is a function of
the frequency shift, is sufficient to overcome the cavity losses and when the ring cavity
roundtrip

optical phase

Self-Pumped Phase

reproduces
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External Linear Cavit

The frequency shifts in the self-pumped phase conjugator with two external mirrors forming a linear cavity are observed to be very similar to those described above for the unidirectional ring resonator.
Specifically, both the sign and magnitude of the frequency shift
can be controlled by the linear cavity length detuning.
The optical setup is shown in
Figure 3 where light from a single incident beam is photorefractively coupled by the BaTi03

crystal into the linear cavity formed between two highly reflecting beam splitters (Be
and
BS).
This self-oscillation serves as the counterpropagating pumpwng beams in a traditional four-wave mixing geometry to phase conaugate the incident beai.c
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Optical setup for a self-pumped phase conjugator with external linear cavity.
Photorefractive coupling in BaTiO3 generates the self-oscillations in the
resonant cavity (with variable length) formed by beam splitters BS8 and BS9.
The beat frequencies for the phase-conjugate reflection and both of the two
counter-propagating self-oscillations (relative to the incident beam) are
derived from the motion of the interferograms at D1 , D2 and D3, respectively.

While only two-wave mixing occurs in the unidirectional ring oscillator previously described, both two- and four-wave mixing are occurring simultaneously in this self-pumped
phase conjugator with external mirrors forming a linear cavity.
The photorefractive coupling process is considerably more complicated in this latter situation.

4

As illustrated in Figure 3, the frequency shifts (relative to the incident beam) appearing
on the phase-con3ugate reflection and the two counterpropagating self-oscillations are simultaneously measured at detectors, DI, D2 and D3, using the same interferometric techniques
described in the unidirectional ring oscillator experiment. The resulting beat-frequency
signatures, as a function of linear cavity length detuning, are shown in Figure 4 for the
phase-conjugate reflection and one self-oscillating beam. Note that the other counterpropagating self-oscillation beat-frequency signature appears identical to the one shown.
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Self-pumped phase conjugator with external linear cavity:
Dependence of
the beat frequencies (relative to the incident beam) for the phase-conjugate
reflection (top) and one self-oscillation (bottom) on cavity length detuning.

Regarding the beat-frequency signatures shown in Figure 4, two important features are
evident. First, the frequency shift of the phase-conjugate reflection is exactly a factor
of two larger than that of either seJf-oscillation. In fact, this is simply the conservation of energy constraint for slightly nondegenerate four-wave mixing when the two counterpropagating pump beams are the same frequency. 1 8 Second, the signs and magnitudes of the
beat frequencies of the phase-conjugate reflection and the counterpropagating selfoscillations depend on the external linear cavity length detuning, similar to the unidirectional ring oscillator. That is, the beat frequencies are directly proportional to the detuning (see Equation (13)), becoming faster and faster as the cavity length detuning increases or decreases away from the length that gives no frequency shift.
Two additional observations concerning the beat-frequency signatures are not shown in Figure 4. First, if the cavity length detuning is increased or decreased far enough, the selfoscillation ceases because the frequency shift required by the phase oscillation condition
could not be supported by the slow response time of the photorefractive BaTi03 (i.e., the
Second, the beat-frethreshold condition for oscillation as described by Equation (16)).
quency signatures are periodic in cavity length detuning with the entire patterns repeating
for every half wavelength change in PZT beam splitter position (see Equation (11)). Note
that both of these effects are also present in the unidirectional ring resonator.
Self-Pumped Phase Conjugator with Internal Reflections
The self-pumped phase conjugator, where the "pumping beams" for the four-wave mixing
process arise entirely from internal reflections at the crystal faces instead of eyternal
mirrors, is the simplest self-pumped phase conjugator configuration 2 since it does not
require any additional optical components. This self-pumped phase conjugator also exhibits
a frequency shift in its phase-conjugate reflection.4
We have speculated that the frequency shift observed in this self-pumped phase conjugator
using internal reflections is due to the "oscillation conditions" (see Equations (8) and
(9)) involving an optical resonance cavity, 1 5 ' 1 6 just as in the unidirectional ring oscillator and in the self-pumped phase conjugator with an external linear cavity described above.
A number of experiments investigating the self-pumped phase conjugator with internal reflections provide conclusive evidence that the aforementioned speculation is indeed the case.
In the first experiment where the optical setup is shown in Figure 5, the frequency shift
of the phase-conjugate reflection is compared to frequency shifts on the internal selfpumping beams. The beat frequency of the phase-conjugate reflection is determined in the
usual way (i.e., interferometrically) at detector, D1 . The frequency shifts on the internal self-pumping beams are inferred by observing the beat frequency for the scattered light
that emanates from the primary self-pumping corner of the crystal.
Upon interfering with a
portion of the incident beam as shown in Figure 5, this. scattered light forms a discernable
fringe pattern at detector, D2, only after it is spatially filtered to some decree by an
aperture.
The results of this frequency shift comparison are shown in Figure 6. During the period
where the frequency shift of the phase-conjugate reflection is constant, the beat-frequency
signature of the scattered light is also reasonably consistent considering the poor quality
of the fringe pattern used to make the determination. After taking the average of the time
intervals between maxima in the beat-frequency signatures, we note that the frequency shift
of the phase-conjugate reflection is approximately twice that of the scattered light. Just
as with the self-pumped phase conjugator with an external linear cavity, this factor of two
results from conservation of energy for slightly nondegenerate four-wave mixing (assuming,
of course, that the frequency shift of the scattered light is the same as the frequency
shift of the internal pumping beams).
The deviation from two may be due to a multimode
oscillation inside the crystal.
Unlike the unidirectional ring resonator and the self-pumped phase conjugator with an
external linear cavity, any resonant cavity length in the self-pumped phase conjugator
using internal reflections cannc- be varied by simply moving a PZT mirror as was done
previously. Any resonant cavity in the self-pumped phase conjugator with internal reflections is completely contained inside the photorefractive crystal. In a second experiment,
attempts have been made to systematically vary the internal cavity length via thermal
expansion by controlling the temperature. 1 9 The results of this investigation are currently inconclusive because small changes in temperature (< l0C) induce instabilities in
the frequency shift and intensity of the phase-conjugate reflection. We speculate that
these instabilities are due to competition between the multiple spatial resonant cavity
modes supported by a variety of internal reflections from the crystal surfaces.
In the
unidirectional ring oscillator and the self-pumped phase conjugator with an external linear
cavity, the spatial modes of the resonance cavities were well-defined by the pinhole aperture. In this experiment with the self-pumped phase conjugator using internal reflections,
it is impossible to place an aperture inside the crystal for mode selection.
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Self-pumped phase conjugator using internal reflections off crystal faces:
correlation of the beat frequencies (relative to the incident beam) for the
phase-conjugate reflection (top) and the light scattered from the primary
self-pumping corner (bottom).
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for the self-pumped
In a third experiment, we conclusively show that the old model
phase conjugator using internal reflections in BaTiO3 is incorrect and that the phase
oscillation condition associated with a closed-loop resonance cavity is applicable to the
self-pumped phase conjugator using internal reflections, as well as the previously des15
The picture of the old model 2 , 12,2 0 for the selfcribed photorefractive resonators.
pumped phase conjugator using internal reflections in BaTiO3 is schematically illustrated
in Figure 7. Simply stated, this model assumed a pair of four-wave mixing interaction
regions where two counterpropagating (and mutually phase-conjuqated) self-pumping beams

4-WAVE
MIXING

Figure 7

Schematic diagram for the self-pumped phase conjugator using internal
reflections off crystal faces, showing the pair of four-wave mixing
regions where itre incident beams interact with the self-pumping bears
to generate the phase-conjugate reflection.

underwent total internal reflection in one corner (the primary self-pumping corner) of the
BaTiO3 crystal. Usina this model, the incident bea- and its phase-conjugate reflection car
also serve as the four-wave mixing "pjmping beams" to produce the douole-phase-conjugate
oscillation 8' 9 between the two interaction regions which make up the self-pumping beams.
The accuracy of this old model 2 ' 1 2 '2C ca. be ascertained by examining the pictures shown
in Figure 8. An actual micrograph of the interacting beams in self-pumped BaTio3 is shown
in Ficure 8a and tends to support the old model.
However, by increasing the exposure time
by a factor of ten in the same micrograph, it becomes evident that more than the two selfpumping beams are present, as shown in Figure 8b.

(a)

Figure 8

Wb

Al
(c)

Microscope photographs of self-pumping process using internal reflections
in a crystal of BaTiO3, (a) 12 s exposure showing only the primary selfpumping beams along with the incident beam, (b) 120 s exposure showing
primary and secondary self-pumping beams along with the incident bean and
(c) 120 s exposure after painting lower-left crystal face black showing the
incident beam and the broad fan of photorefractively scatterej light.
Note
that the phase-conjugate reflection and all self-pumping bea7s vanished
after painting even thouqh primary self-pumping corner (rigq.t corner) was not
painted or changed in any way.

Finally, we have proven that these secondary beams which are apparent in Figure 8b are
absolutely crucial to the operation of the self-pumped phase conjugator using internal
reflections. It has been suggested that the surface reflectivity in photorefractive BaTiO3
can be modified by painting the crystal faces. 1 1' 21 We attempted to reduce the reflectivity of the lower-left surface of the crystal, as indicated in Figure 8c, by covering its
entire width (all the way to the corners) with Krylon ultra-flat black paint, thereby
attempting to eliminate the secondary beams shown in Figure 8b. When this painting was
carried out "in-situ" (i.e., without disturbing the optical alignments used to obtain the
self-pumping beam pictures shown in Figures 8a and 8b), not only did the secondary beams
disappear, but the phase-conjugate reflections and primary self-pumping beams also vanish
(as can be seen in Figure 8c) even though primary self-pumping corner of the BaTiO3 crystal
remained undisturbed. Only a broad fan of photorefractively scattered light, along with
the incident beam, remains visible in Figure 8c. This observation agrees with our theory.
According to Equation (16), the threshold oscillation condition depends on the roundtrip
mirror reflectivity R. By decreasing the refectivity R, the internal cavity falls below
threshold and thus oscillation dies. Furthermore, after painting, the crystal would not
This
self-pump in any orientation (i.e., at any angle or position of the incident beam).
conclusively shows that self-pumping in BaTiO3 involves more than the internal reflections
from just one corner and that the old model 2 ' 1 2' 2 0 for the process is not correct. Also,
the resonator model for the self-pumped phase conjugator using internal reflections which
we proposed is consistent with the series of pictures shown in Figure 8.
Summa ry
In conclusion, we have presented a general theory and the supporting experiments which
explain the frequency shifts of self-pumped phase conjugators. The cause of the slight
frequency shifts (- 1 Hz) observed in both the photorefractive unidirectional ring resonator and the self-pumped phase con3ugator with an external linear cavity is unequivocally
established 1 5 and is well understood.
In addition, the previous description of the selfpumped phase conjugator using internal reflections 2' 1 2' 2 0 is proven inadequate. We view
all photorefractive, self-pumped phase conjugators which exhibit a frequency shift in the
phase-conjugate reflection as being almost equivalent. Note that only two known photo1 Hz frequency shifts:
the
refractive, self-pumped phase conjugators do not show the
ring conjugator 2 2 ' 2 3 and the stimulated-backscattering (2k-grating) conjugator. 2 4 The
self-pumped phase conugators which do exhibit a frequency shift all employ some sort of
resonant cavity (using only internal reflections from crystal surfaces or using only external reflections from ordinary mirrors or using a combination of both) to automatically
generate the self-pumping beams. Because a closed-loop resonance cavity forms, the frequency shift on the phase-conjugate reflection is dictated by the phase oscillation
condition for this resonance cavity.
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Theory of unidirectional photorefractive ring oscillators
Pochi Yeh
Rockwell International Science Center. Thousand Oaks. California 9136(i
Received March 11. 1985; accepted lulv 11. 1985
Amplification owing to holographic two-wave mixing in photorefractive crystals can be utilized to achieve unidirectional ring oscillation. Unlike for the conventional gain medium (e.g.. He-Ne). the gain bandwidth of photorefra( tive two-wave coupling is very narrow (a few hertz for BaTiO;). Despite this fact, the ring resonator can still
oscillate over a large range ot cavity detuning. A theory is presented that describes how the oscillating mode attains
the round-trip phase condition.

INTRODUCTION
The photorefractive effect in electro-optic crystals e.g..
BaTiO,Q. LiNbO:i has been widely studied for many applications. These include real-time holography, optical data
storage, and phase-conjugate wave-front generation. Recently. increasing attention has been focused on using coherent signal beam amplification in two-wave mixing. These
4
new applications analsis~
include image
amplification.'
vibrational
nnreiprcaltrasmision'
nd ase-gyo
basanalysis.2 nonreciprocal transmtssion.' ,4and laser-gyro biasing." The coherent signal beam amplification in two-wave
mixing can also be used to provide parametric gain for unidirectional oscillation in ring resonators. Although such an
oscillation has been observed by using a BaTiO crystal in a

ring resonator.6 a general theory is not available. The present state of the theory does not address such problems as the
round-trip phase condition or even oscillation frequency.
In this paper we describe a theory of parametric ring
oscillation using holographic two-wave mixing in photore-

where z is measured along the bisector of the two beams. k,
and k, are the wave vectors of the beams, and c.c. denotes a
term that is the complex conjugate to the first term, In Eq.
"i.
we assume for simplicity that both waves have the same
state of polarization and the photorefractive medium does
not exhibit oplratio
h. Aadn
pho
acte
toe ediuamplitudes and are taken as functions of z only for steady-state

Iuthons.
In the photorefractive medium (from zero to z = I). these
two
waves generate an interference pattern (traveling ifcl
, 1 . This pattern may generate and redistribute photocarriers. As a result, a spatial charge field (also traveling if wi
( is created in the medium. This field induces a volume
index grating by means of the Pockels effect. In general. the
index grating will have a finite spatial phase shift relative to
the interference pattern.5 so that, following the notation of
of
Ref. 11. we can write the fundamentaloll onent
component of the
e
intensity-in
duced grating as
.

cur at almost any cavity length despite the narrow-band
nature of the coherent two-wave coupling gain. provided
that the coupling is strong enough. A similar situation also
occurs in phase-conjugate parametric oscillators. The theory also provides explicit
. . expressions for the oscillation frequency, intensity, and threshold conditions,
FORMULATION OF THE PROBLEM
Referring to Fig. 1. we consider an optical ring resonator
consisting of three partially reflecting mirrors. A photorefractive medium. which is pumped by an external laser
beam. is inserted into the cavity. To investigate the properties of such oscillators. we must first treat the problem of
two-wave coupling in photorefractive media. This problem
1'
Howhas been formulated and solved by many workers.ever. most work has been focused on the degenerate twowave mixing. For the purpose of developing our theory, we
need to address nearly degenerate two-wave mixing.
Let us focus our attention on the region occupied by the
photorefractive crystal. so that the electric field of the two
waves can be written as
E, = A (ziexpli(k

-

r - ,.,t)] + c.c..
0740-3224

j = 1, 2.

(1

5121924.57o2.oo

A ,.4

n,

fractive crv-stals. The theory shows that oscillation can oc-

--

n = n, + 2- le

expli(K •r - Ot Il -+ c.

,

(2)

where
1, = 11 + 1, - !A,-' + A2.1 .
(3)
(: is real and n I is a real and positive number, K = 1k, k.,,
and t. =
. Here again, for the sake of simplicity. we
assume a scalar grating. The phase o indicates the degree to
which the index grating is shifted spatially with respect to
the light interference pattern. According to Ref. 1. o and n
can be written, respectively, as
0= , + tan-

(

(4)

and
n,

where

An,.5
(I + -- 2.)
is the decay time constant of the holograph grating.
-

photoinduced index
the
f
ae
sa con
hAn,is t
change. and o,, is a constant phase shift related to the nonh,cal response of the crystal under fringe illumination. Both
parameters An, and 1,, depend on the grating spacing 127,/K i
and its direction as well as on the materiai properties of the
crystal. e.g.. the electro-optic coefficients. Expressions for
c 19S5 Optical SocietY of America
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7M,

3

1925
(11)

cos,.

SACos

The solutions for the intensities 11(z) and 12(z) are
II()= 1,-" 1 ++ m_I112)
I + m-e2
12(z) = 1,(0
- 1 + me

-

e
"z

(0
-

where m is the input intensity ratio
IJ(0)
m = 12(0)

PHOTOREFRACTIVE

MEOIUiM

(13)

(4
(14)

*

PUMP

Note that in the absence of absorption (a = 0), 12(z) is an

BEA_

Fig. 1. Schematic drawing of a unidirectional photorefractive ring
resonator.

Ant5 and i can be found in Refs. 10 and 12. In photorefractire media. e.g.. BaTiO3 , that operate by diffusion only (i.e.,
no external static field) the magnitude of o0 is ir/2, with its
sign depending on the direction of the c axis.
Now, bypeuingontepreion ofothen andisc
e
Now, by using expression (2) for n and the scalar-wave
equation and by using the parabolic approximation (i.e.,
slowly varying amplitudes), we can derive the following coupled equations:
"

dz :

-

d A.,= i ,s
dz
V Cos H

-A.

1,]exp(i.

A, =

I. exp(i.

(15)
+ 12(1) - 42(o),
2,r
A
where 27rnol//A\ is the phase shift in the absence of photore-

-

2 ).

1,l
1+1

4.2( 0 },

A(=
'()A.,,

(6)

(7)

where ,1 and 42 are phases of the amplitudes A 1 and A,_,
respectively. Using Eqs. (7) and (3), the coupled Eqs. (6)
can be written as
d
dzI

versing through the photorefractive medium for beam 2 is

fractive coupling. The additional phase shift

A

where 6 is the half-angle between the beams and a is the
absorption coefficient.
We now write
.41

mixing gain is large enough to overcome the absorption loss,
then beam 2 is amplified. Such an amplification is responsible for the oscillation.
With 11(z) and l 2 (z) known, the phases 41 and -2 can be
integrated directly from Eqs. (9). The phase shift in tra-

2

I -

cost

increasing function of z and I,(z) is a decreasing function of
z, provided that -y is positive. The sign of - depends on the
direction of the c axis. As a result of the coupling for y > 0 in
Fig. 1. beam 2 gains energy from beam 1. If this two-wave

-

(16)

which is due to the photorefractive two-wave coupling, can
be obtained by integrating Eqs. k9). Substituting Eqs. (12)
and

13) into Eqs. 9) for I and 12. respectively, we obtain
=2(1) -

M
1 + m-e

.(0)
"

(17)
z

Note that this photorefractive phase shift is independent of
the absorption coefficient o. Carrying out the integration in
Eq. (17 .we obtain
3
=

-

4.0) =

-

-

(l

log\(1

+m

(

(18)

Equations (18) and (13) can now be used to investigate the
properties of the unidirectional ring oscillation.

,

(.d I., = )' 1," dz
1I + I2

,

(8)

OSCILLATION FREQUENCY AND INTENSITY
In a conventional ring resonator, the oscillation occurs at
those frequencies

and

C

dL
dz
d
dz

f=

.
it + 12
I,
(9)

I

=

where
21rn
O=
s0

s in o.

(10)

N -

N = integer

(19)

that lie within the gain curve of the laser medium (e.g., HeNe). Here, is the effective length of a complete loop and N
[Eq.
is a large int ger. For L < 30 cm. these frequencies
(19)1 are separated by the mode spacing c/L > 1 GHz. Since
the width of the gain curve for the conventional gain medium
is typically several gigahertz. principally because of Doppler
broadening, oscillation can occur at almost any cavity length
L.

On the contrary. if the bandwidth of the gain curve is

1926
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The gain as a function of frequency,, ' (or equivalently as a

102

10
*

1i I
1 101

10-2

function of U. = ej - -'2) is plotted in Fig. 2 for various values
of m. Note that gain is significant onlyv when, 1 - w.r < 1.
For materials such as BaTiO., and SBN r is between 1 and
0.1 sec. Thus the gain bandwidth is only a few hertz. In
spite of such an extremely narrow bandwidth, unidirectional
oscillation can still be observed easily at any' cavity length in
ring resonators by using BaTiO 3 crystals as the photorefractive medium. 3 Such a phenomenon can be explained in
terms of the additional phase shift [Eq. (18)] introduced by
photorefractive coupling. This phase shift is a function
1

. ..
t _ . _-0. . .
0
1
Fig.M.2.

..

. . .._

2

3

Photorefractivegain gas a function of

. ..

4the

for various values

phase shift can vary from -7r to +r for a frequency drift of
.M IQ = ±1. Such a phase shift is responsible for the oscillaof the ring resonator, which requires a round-trip phase
of an integer times 2r.

,

1

0

/tion
toshift

102

of the oscillation frequency and is plotted in Fig. 3 as a
function of (Ir. For BaTiO3 crystals with -)o > 4r. this
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as a function of S.r for

narrower than the mode spacing c/L, then oscillation can be
sustained, provided that the cavity loop is kept at the appropriate length.
Unlike in the conventional gain medium, the bandwidth of
the photorefractive two-wave mixing is very narrow. By
using photorefractive crystals, e.g.. BaTiO:. that operate by
diffusion only, the coupling constant can be written, according to Eqs. (4). (5). and (10). as
(20
(.2r)-I]
= - ,I1 +
where -)(is the coupling constant for the case of degenerate
two-wave mixing (i.e., t2 =Ll - c_, = 0) and is given by
47rln,
lo - Cos
(21)
A cos,
In deriving Eq. (20), we have used r/2 for o( in Eq. (4).
The parametric two-wave mixing gain can be defined as
I.201
1
g l
- 1 + rn
I,0
1 + mc -

C-, -

,

(221

1

where we recall that m istheinput beam ratiom = I10)/12(0l
and I is the length of interaction. Note that amplification (g
> 1) is possible only when ") > o and m > (1 - e-COli)/l c-V.
Also note that g is an increasing function of m (i.e.,
ag/bm > 0) andg is an increasing function of 1. provided that
" > n and

is interesting to note the initiation of the oscillation. Like
oscillators, the oscillation of this ring resonator starts
from noises that are due to physical processes such as scattering and quantum fluctuation. In photorefractive crystals
the scattering dominates the noise contribution. At the
beginning, there may" be a slight amount of light scattered
the direction of the ring resonator. This slight
amount of light will be amplified by the two-wave mixing
process in the photorefractive crystal, provided that the
frequencies are not appreciably different. As the intensity
in the resonator builds up. the parameter m. defined by Eq.
(14), decreases. The buildup of oscillation intensity leads to
a saturation of the gain (see Fig. 2: the gain decreases as m
decreases). At steady-state oscillation, the electric field
must reproduce itself. both in phase and intensity, after each
round trip. In other words, the oscillation conditions can be
written as
A

+ f k

2N*

(24)

and
a
gR = 1,(25
where A, is the additional phase shift owing to photorefractive coupling, the integration is over a round-trip beam path,
the parameter R is the product of the mirror reflectivities,
and g is the parametric gain of Eq. (22).
If we define a cavity-detuning parameter A F as
A = 2N'7 - f kd..

(26)

where N' is an integer chosen in such a way that .AF lies
between -r and +r, then the oscillation condition [Eq. (24)]
can be written as
A

= AF + 2Mr,

(27)

where M is an integer. In other words, oscillation can be
achieved only when the cavity detuning can be compensated
for by the photorefractive phase shift.
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The same oscillation frequency must also satisfy expression (32).

Thus we obtain the following oscillation condi-

tion:

04

0-2

<

al - logR
'210)

0

o(01 1 0

8 6
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4

1]
al

•

logR

(33)

which can also be written as

2
40

-01 > - tl +

20

-1 0

-05

0

05

'T

q

- G,1,

(34)

20

where I t is the threshold parametric gain of Eq. (31) for the
case when A4 = 0 and G, may be considered the threshold
gain for the case when A * 0. According to Eq. (34). the
threshold gain increases as a function of the cavity detuning

10

Equations (24) and (25) may be used to solve for the two
unknown quantities m = I,(O/2(O) and 9 = ,i - le2. If we
fix the pump intensity I1(0) and the pump frequency cw,
then Eqs. (24) and (25) can be solved for the oscillation
frequency W2 and the oscillation intensity 120). Substituting Eq. (22) for g in Eq. (25) and using Eq. (18), we obtain
3 log(Re-').

2

4 o

Fig. 4. Oscillation intensity and frequency as functions of cavity
detuning .1F for various values of "j&.

A1

(2A)

(28)

A.
The cavity detuning Al' not only determines the oscillation frequency [Eq. (29)1 but also determines the threshold
gain G.
The AF' in Eq. (26) is the cavity detuning and is defined
between -,r and r. However, the photorefractive phase
shift [Eq. (18)] can be greater than 7r. When this happens,
the unidirectional ring resonator may oscillate at more than
one frequency. These frequencies are given by Eq. (29).
with M = 0, ±1. ±2 ..... etc.. and with their corresponding
threshold gain given by
Gl = " ,l + 1[2(.I

2
+ 2Mi)1

(35)

This equation can now be used to solve for the oscillation
frequency Qr. For the case of pure diffusion, using Eq. (4)
=
ir/2 and Eqs. (10) and (11), we obtain from
for o with 00
Eq. (28)
-2(-%F + 2Mr)
-2.1
(29)
Pr =al - log R
al - log R

In other words, for each cavity detuning AF. the ring resonator can support multimode oscillation, provided that the
coupling constant j(0 is large enough. Figure 4 shows the
oscillation intensity as well as the oscillation frequency as
Note that for larger "101the
functions of cavity detuning A.
resonator can oscillate at almost any cavity detuning AF,
whereas for small "ol oscillation occurs only when the cavity

where A is the cavity detuning and is given by Eq. (26).
Substituting Eq. (22) forg in Eq. (25), we can solve for m and

detuning is limited to some small region around al' = 0.

obtain

CONCLUSION AND DISCUSSION
1110)
1, 0

-

1 - Re "
(30)

In conclusion, we have derived a theory of unidirectional
ring oscillators using parametric photorefractive two-wave

Since m must be positive, we obtain from Eq. (30) the
threshold condition for oscillation

mixing. By using the simple coupled-mode theory, we obtain an expression for the photorefractive phase shift. Such
a photorefractive phase shift can compensate for cavity de-

-,I >

1

-

(31)

1 - ol - log R,

where 1, is the threshold parametric gain constant. Since
is a function of frequency .Q.Eq. (31) dictates that the parametric gain is above threshold only in a finite spectral regime. When Eq. (20) is used for-t. Eq. 31) becomes

/
'\.

.. I1

< nlogR -lj

)1'2

•

(32)

where we recall that -, is the parametric gain at !Q= el - W2.
= 0.
Inequality (32) defi:.es the spectral regime where the
> -,).
parametric gain is above threshold (i.e.,
We have thus far obtained expressions for the oscillation
frequency [Eq. (29)] and the spectral regime where the gain
is above threshold. The ring resonator will oscillate only
when the oscillation frequency falls within this spectral region. The oscillation frequency , = , - 1! is determined
by Eq. (291. with .A1" being the cavity detuning [Eq. 426)].

tuning and thus can allow the oscillation to occur. According to this theory, the oscillation frequency will be slightly
detuned from the pump frequency. Such a frequency offset
is necessary to produce the photorefractive phase shift to
compensate for the cavity detuning. The photorefractive
phase shift is proportional to the coupling constant. Thus,
when materials with a large coupling constant (e.g.. BaTi0 3)
are used, oscillation can occur at almost any cavity detuning.
Such a theory has been validated by the author and his coworker.' 4 The same theory can also be applied to linear
oscillators and thus can be employed to explain the frequen. 3
cy shift of self-pumped phase conjugators.6 1
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Frequency shift and cavity length in photorefractive resonators
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Photorefractive resonators exhibit an extremely small frequency difference (Aw/w - 10- t5) between the oscillating
and pumping be.,.ns. The observed frequency difference is proportional to cavity-length detuning. This dependence is explained by a photorefractive phase shift that is due to slightly nondegenerate two-wave mixing that compensates for cavity detuning and satisfies the round-trip phase condition for steady-state oscillation. The measured onset or threshold of oscillation as a function of photorefractive gain and intensity agrees with theory.

-

Despite the attention that self-pumped phase conjugators and optical resonators utilizing photorefractive
BaTiOn have received recently,'- 3 two dilemmas remain
unresolved. First, self-pumped phase conjugation in
BaTiO 3 exhibits a slight frequency shift (---1-Hz), 4 - 7
attributed to a Doppler shift from moving photorefractive phase gratings. 4 Second, resonators using
photorefractive gain media apparently oscillate at any
optical cavity length. 4.8 In this Letter we show that
these two dilemmas are interrelated and reveal the origin of the moving gratings and frequency shifts,
For simplicity, consider a unidirectional ring oscillator with photorefractive two-wave mixing providing
the gain. The optical arrangement (Fig. 1) is chosen
because only two-wave mixing occurs. The frequency
difference between the unidirectional oscillation beam
and the pump can be controlled by small changes (<M,)
in ring-cavity length. In fact, both the sign and the
magnitude of the frequency shift exhibit a one-to-one
correspondenceto the cavity-length detuning.
The above observations are predicted by a theory for
unidirectional photorefractive ring resonators. 9 Oscillation occurs when the two-wave mixing gain dominates cavity losses and the round-trip optical phase
reproduces itself (to within an integer multiple of 27r).
The condition on phase is unique because of a significant optical phase shift owing to nondegenerate two-

-ln(RTTp) (with R the product of the reflectivities of
the cavity mirrors and output coupler; T, the transmission through the BaTiO, sample accounting for the
absorption, Fresnel reflections, and scattering (or beam
fanning); and TP the effective transmission through the
pinhole aperture].
This theory predicts that the unidirectional ring
resonator will oscillate at a frequency different from the
pump frequency by an amount directly proportional to
the cavity-length detuning. Furthermore, in a photorefractive material with moderate slow r, the theory
postulates a threshold where oscillation will cease if the
cavity detuning (frequency difference) becomes too
large.
The experiments performed to examine the above
theory will now be discussed in detail. Referring to Fig.
1, a single-mode argon-ion laser (514.5 nm) serves
multiple purposes: It pumps the BaTiO3 crystal with
the beam reflected from BS, and focused by lens L, (F
= 700 mm) to a beam diameter of 0.5 mm at the crystal,
it is a reference beam to determine interferometrically
the relative frequency of the ring-cavity oscillation at
BS5 , and it provides an accurate method to align the
ring-cavity components (unblocking the beam reflected
from BS 2) by monitoring the Fabry-Perot peaks when
M
.....o.

wave mixing. This condition is satisfied at any cavity

length if the oscillation frequency is detuned from the
pump frequency, since the photorefractive phase shift
depends on the detuning. The frequency difference 9.
between the pumping and oscillating beams is9
= -

[2(AF + 2mr)/rA],

0

E

,

an integer multip'e of optical pump waves in the cavity,
m is an integer, r isthe photorefractive time response,
and A represents the total cavity loss. There are
threshold conditions for oscillation involving cavity loss
and gain (taking m to be zero):

-1

Arj

(< / )ITyL/A - 1)1/2

AN'

(1)

where AF is the cavity-length detuning with respect to
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where ' is the degenerate two-wave mixing coupling

Fig. 1. Optical setup for the photorefractive unidirectional
ring resonator with variable cavity length. The beat frequency between the self-oscillation and pump beams is de-

coefficient, where L is the interaction length, and A =

rived from the motion of the interferograms at D2 or D3.

(A/2)("L/A -

1)1/2,

(2b)
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away from this origin, the fringe motion becomes faster
and the frequency difference increases. Figure 2(b)
shows the linear dependence of the frequency difference
on
cavity
with the ramping period equal to
20,000
secdetuning
for improved
resolution. This frequency
difference is estimated from the beat-frequency signature [similar to Fig. 2(a)] by measuring the time interval
between intensity maxima.
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The frequency difference changes sign as M1 slowly
moves through the origin. The frequency of oscillation

is upshifted with respect to the frequency of the
pumping beam when the position of M, is negative,
corresponding to a decrease in ring-cavity length from
that where no frequency shift occurs. The observed
sign is consistent with the sign of the phase shift be-

_2

2
VOLTAGE

VI

Characteristics of the unidirectional self-oscillation

as a function of ring-cavity length (i.e.. PZT voltage or cavity
detuning, where 100% implies a detuning of one full optical
wave): (a) ring-cavity intensity (right) and beat-frequency
signature (left); (b) frequency difference between the selfoscillation and the pumping beam.

rapidly scanning the piezo mirror PZT-M1 . Two-wave
mixing in BaTiO3 couples light into the unidirectional
ring cavity, formed by two planar mirrors (MI and M2 )
and a planar beam splitter (BSAP, even when the alignment beam is blocked. The ring-cavity beam is sampled through the output coupler BS 3, its intensity being
detected at D1 while the beat frequency between it and
the pumping beam is determined using complementary
fringe patterns formed at detectors D2 and D 3. Without
a ring-cavity pinhole aperture, unidirectional oscillation
is observed at any cavity length. However, dynamically
unstable multiple spatial modes are evident 410 in the
fringe patterns at D2 and D3 . To obtain a single mode
(and clean fringe patterns), a 200-Mm pinhole is placed
in the ring cavity.
The basic premises of the theory 9 are verified by
slowly ramping the PZT voltage and observing the beat
frequency, along with the ring-cavity oscillation intensity. Typical results are shown in Fig. 2(a) for an
80-mW pump beam incident at 400 from the c axis of
BaTiO 3 and at 20 ° from the oscillating beam (both angles are external in air). A triangle waveform (amplitude 250 V and period 10,000 see) drives the PZT. The
slow PZT scanning rate approximates steady-state
two-wave mixing in BaTiO 3 while simultaneously permitting a controlled variation of the cavity length.
The unidirectional ring-cavity intensity versus cavity

length [Fig. 2(a)] indicates threshold gain conditions
(expressions (2a) and (2b)]. The beat frequency between oscillating and pumping beams, as observed in
the time variation of the fringe-pattern intensity [Fig.
2(a)], clearly corresponds to the position of the PZT-MI.
This beat frequency is not simply due to the Doppler
siM nuethi Doppler
quey emoing
not
c
shifbat
shift caused by the moving PZT-M since this Doppler
shift is 3 orders of magnitude smaller than the observed
beat frequency. When M, is exactly at the correct position (chosen as the origin), the fringe pattern is stationary, i.e., there is no frequency shift. As M, moves

tween the light intensity pattern and index modulation

that determines the direction of energy exchange in
two-wave mixing.
periodic function of PZT mirror position. The
Fabry-Perot peak spacing detected at D1 during
alignment of the passive ring cavity calibrates the PZT
motion (-50-V/free-spectral range for 514.5 nm). The
observed beat-frequency signature reproduces itself
with a M, displacement of every X/2, as expected (i.e.,
a cavity length detuning periodicity of X).
Experimentally, the frequency threshold for oscillation is approximately a linear function of the pumping-beam intensity, as shown in Fig. 3(a). According
to Eq. 2(a), this frequency threshold is inversely proportional to T,but r can be approximately proportional
to the inverse of the pump intensity (assuming that the
cavity intensity is negligible by comparison) when the
photoconductivities dominate." Therefore, the observed dependence [Fig. 3(a)] agrees with theory.
The oscillation conditions for the unidirectional ring
resonator are dependent on the two-wave mixing gain
(-yL) in the photorefractive medium. yL is varied by
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Fig. 3. Oscillation threshold behavior for the unidirectional
ring resonator: (a) maximur:- beat frequency as a function
of pumping-beam or ring-cavity power along with a linear fit
(solid line); (b) maximum beat frequency (left) and cavity
detuning (right) as a function of two-wave mixing gain, yL,
where -yL is related to the external angle that the pumping
beam makes the crystal's c axis as shown (top scale). Note:
the two solid curves in (b) correspond to the evaluation of
expressions (2aI and (2b) as described in text.
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Fig. 4. Self-pumped phase conjugator using external reflectors to generate the self-oscillation with a frequency shift
6 and the phase-conjugate reflection with a frequency shift
25, where 6 is proportional to the linear cavity length.
rotating the BaTiO 3 crystal with respect to the pumping
and oscillating beams.' 2 When the gain is too small, no
unidirectional oscillation is observed, regardless of ringcavity length. For 'yL just above threshold, two pronounced differences are evident, contrasting with yL
large. First, the amount of cavity detuning that is accommodated before oscillation ceases is greatly reduced.
Second, the maximum frequency difference between the
pumping and oscillating beams is much less. The
quantitative trends of these two effects-are given in Fig.
3(b) for a pump power of 80 mW.
The threshold oscillation conditions given in expressions (2a) and (2b) agree with the data [Fig. 3(b)].
The solid curve associated with the left-hand scale of
Fig. 3(b) is generated from expression (2a) for A = 5.1
and T = 0.53 sec. This cavity-loss factor, A, is estimated
independently from R = 0.99 X 0.91 X 0.81 (for M1,M2
and BS 3 , respectively), T, = 0.52 and Tp = 0.016 (for
a cavity length of 50 cm). Accumulating these contributions gives A = 5.2, in excellent agreement with the
observed 5.1. The right-hand scale of Fig. 3(b) shows
the dependence of threshold cavity detuning (i.e., the
maximum detuning that will still support self-oscillation) on -yL, along with the prediction from Eq. 2(b),
where AF is normalized by 27r. Remarkable agreement
is obtained using A = 5.1 from Fig. 3(a) and no adjustable parameters.
The interdependence of the optical cavity length and
the beat frequency between the oscillating and pumping
beams is a general property of photorefractive resonators. These results are not unique to the optical setup
shown in Fig. 1. Similar behavior is observed with other
configurations. First, the orientation of the BaTiO3
crystal in Fig. 1 can be altered so that the pumping and
oscillating beams enter the a face but insuch a way that
no self-pumping occurs. 4 Second, the BaTi0 3 can be
replaced by crystals of strontium barium niobate' 3 1 4
(nominally undoped and cerium doped). Third, a linear resonator (Fig. 4) acts as a self-pumped phase
conjugator.' The observed frequency shift of the
phase-conjugate beam is exactly twice that of the selfoscillation, which is necessary to satisfy energy con15
aervation for slightly nondegenerate four-wave mixing.
In all three variations, the measured frequency differences correlate with cavity length detuning; results
equivalent to those shown in Fig. 2 are obtained.
Finally, consider another self-pumped phase conjugator, in which the four-wave mixing pumping beams
arise from internal reflections at the crystal faces in-

stead of external mirrors.,", A resonance cavity containing the self-pumping beams is formed from the internal reflections off the crystal surfaces (but the cavity
length cannot be systematically varied and the spatial
modes cannot be restricted with an aperture). The
frequencies of the beams can again be compared interferometrically. One self-pumping
beam is monitored
using the uncollimated light escaping the crystal's corner during reflection. Preliminary experiments indicate that the phase-conjugate beam sometimes exhibits
a frequency shift exactly double that of a self-pumping
beam, just as in Fig. 4. Even though four-wave mixing
is occurring in all cases of self-pumped phase conjugators, two-wave mixing might be the dominating process
in determining the oscillation conditions necessary for
generating the self-pumping beams.
In conclusion, the frequency difference between the
self-oscillating and pumping beams in the unidirectional
ring resonator experimentally depends on the optical
cavity length. This dependence supports a theory9 that
uses a photorefractive phase shift associated with
slightly nondegenerate two-wave mixing to satisfy the
round-trip phase-oscillation condition for the resonating beam. Similarly, the observed frequency shifts
in other photorefractive resonators, including selfpumped phase conjugators, may also be explained by
the same mechanism.
The authors acknowledge discussions with M.
Khoshnevisan and A. Chiou of Rockwell International
Science Center and J. Feinberg of the University of
Southern California.
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Multimode Fiber Gyro Using A Mutually Pumped Conjugator

Ian McMichael, Paul Beckwith, and Pochi Yeh
Rockwell International Science Center

ABSTRACT
The lack of a coherence requirement in mutually pumped phase conjugation is used to
construct a multimode fiber gyro that uses the preferred technique of fast phase modulation for
biasing.

SUMMARY
Phase-conjugate fiber-optic gyros (PCFOG) use phase conjugation to compensate for
reciprocal phase changes due to thermal and mechanical effects on the fiber, while at the same time
allowing for the measurement of the nonreciprocal phase shift produced by rotation. Where the
best standard fiber-optic gyros require polarization-preserving fibers and couplers to avoid
polarization scrambling that is a source of noise and signal fading, the PCFOG can avoid this
problem by using polarization preserving phase-conjugation. This has the advantage of allowing
for the use of inexpensive nonpolarization preserving, and even multimode fibers and components.
We previously demonstrated rotation sensing with a PCFOG using multimode fiber and a
self-pumped phase-conjugate mirror. However, to form a grating in the self-pumped conjugator,
the two inputs to the conjugator (the two counterpropagating outputs from the fiber) must be
coherent to within the response time of the conjugator. As a result, this configuration cannot use
the preferred technique of fast phase modulation for biasing. We have solved this problem by
constructing a PCFOG using a mutually pumped conjugator that does not require coherence
between its two inputs. Demonstrations of rotation sensing will be presented.
This research is supported by the U.S. Office of Naval Research under contract
N0014-85-C-0219.
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RECENT ADVANCES IN PNOTOREFRACTIVE NONLINEAR OPTICS
(Invited Paper)

1k

Pochi Yeh
Rockwell International Science Center
Thousand Oaks, California 91360
ABSTRACT
There have been several significant new developments in
the area of photorefractive nonlinear optics during the past few
This paper briefly describes some of the important and
years.
interesting phenomena and applications.
1.0 INTRODUCTION
The photorefractive efect is a phenomenon in which the local index of
refraction is changed by the spatial variation of light intensity. This spatial index
variation leads to a distortion of the .- avefront and is referred to as "Optical
Damage."' The photorefractive effect has since been observed in many electrooptic crystals, including LiNbO 3, BaTiO 3 , SBN, BSO, BGO, GaAs, InP, and CdTe.
This effect arises from optically generated charge carriers which migrate when
the crystal is exposed to a spatially varying pattern of illumination with photons
of sufficient energy. 2 , 3 Migration of charge carriers produces a space-charge
separation, which then gives rise to a strong space-charge field. Such a field
induces a change in index of refraction via the Pockels effect. 4 Photorefractive6
materials are, by far, the most efficient media for optical phase conjugations,
and real-time holography using relatively low intensity levels (e.g., I W/cm2).
2.0 TWO-W.AVE MIXING
When two beams of coherent radiation intersect inside a photorefractive medium, an index grating is formed. This index grating is spatially shifted by
it/2 relative to the intensity pattern. Such a phase shift leads to nonreciprocal
energy transfer when these two beams propagate through the index grating. The
hologram formed by the two-beam interference inside the photorefractive media
can be erased by illuminating the hologram with light. Thus dynamic holography is
possible using photorefractive materials. 7, 8 Some of the most important and
interesting applications are discussed as follows.
Laser Beam Cleanup
Two-wave mixing in photorefractive media exhibits energy transfer
without any phase crosstalk. 9 ,1 0 This can be understood in terms of the
diffraction from the self-induced index grating in the photorefractive crystal.
Normally, ii a beam that contains phase information o(r,t) is diffracted from a
fixed grating, the same phase information appears in the diffracted beam. In selfinduced index gratings, the phase information g,(r,t) is impressed onto the grating
in such a way that diffraction from this grating will be accompanied by a phase
shift -o(r,t). Such a self-cancellation of phase information is equivalent to the
reconstruction of the reference beam when the hologram is read out by the object
beam. Energy transfer without phase crosstalk can be employed to compress both

I
J9355Dlbje

the spatial and the temporal spectra of a light beam.10
This has been
demonstrated experimentally using BaTiO 3 and SBN crystals. 9- 1
Photorefractive Resonators
The beam amplification in two-wave mixing can be used to provide
parametric gain for unidirectional oscillation in ring resonators. The oscillation
has been observed using BaTiO 3 crystals. 12 Unlike the conventional gain medium
(e.g., He-Ne), the gain bandwidth of photorefractive two-wave mixing is very
narrow (a few hertz's for BaTiO 3 ). Despite this fact, the ring resonator can still
oscillate over a large range of cavity detuning. This phenomenon was not well
understood until a theory of photorefractive phase shift was developed.1 3 This
theory also predicts that the unidirectional ring resonator will oscillate at a
frequency different from the pump frequency by an amount directly proportional
to the cavity-length detuning. Furthermore, in a photorefractive material with
moderately slow response L.ime -r, the theory postulates a threshold where oscillation will cease if the cavity detuning becomes too large. The theory has been
validated experimentally in a BaTiO 3 photorefractive ring resonator. 14
Optical Nonreciprocitv
It is known in linear optics that the transmittance as well as the phase
shift experienced by a light beam transmitting through a dielectric layered
medium is independent of the side of incidence.' 5 This is no longer true when
photorefractive coupling is present. Such nonreciprocal transmittance was first
predicted by considering the coupling between the incident beam and the reflected
beam inside a slab of photorefractive medium. 1 6 The energy exchange due to the
coupling leads to an asymmetry in the transmittance. In the extreme case of
strong coupling (yL >> 1), the slab acts as a "one-way" window. Nonreciprocal
(optical ) transmission has been observed in BaTiO 3 and KNbO 3 :Mn crystals.' 7 '' 6
In addition, there exists a nonreciprocal phase shift in contra-directional twowave mixing. Such nonreciprocity may be useful in applications such as the
biasing of ring laser gyros. IB, 1 9
Conical Scattering
When a laser beam is incident on a photorefractive crystal, a cone of
light (sometimes several cones) emerges from the crystal. This has been referred
to as Photorefractive Conical Scattering. It is known that fanning of light occurs
when a laser beam is incident on a photorefractive crystal. 2 0 Because of the
strong two-beam coupling, any scattered light may get amplified and thus lead to
fanning. In conical scattering, the noisy hologram formed by the incident light
and the fanned light further scatters off the incident beam. The fanning hologram
consists of a continuum of grating vectors, but only a selected portion of grating
vectors satisfies the Bragg condition for scattering. This leads to a cone of
scattered light. Photorefractive conical scattering has been observed in several
2 1 23
different kinds of crystals. Cross-Polarization Two-Wave Mixing
Cubic crystals such as GaAs and InP exhibit significantly faster photorefractive response than many of the oxide crystals. In addition, the isotropy and
the tensor nature of the electro-optic coefficients allow the possibility of crosspolarization two-wave mixing in which the s component of one beam is coupled to
the p component of the other beam and vice versa. A coupled mode theory of

2
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photorefractive two-wave mixing in cubic crystals was developed. 2 4 The theory
predicts the existence of cross-polarization two-wave mixing in crystals possessing a point group symmetry of 43m . Such a prediction was validated experimentally using photorefractive GaAs crystals. 25 - 27 Cross-polarization two-wave
mixing provides extremely high signal-to-noise ratios in many of the applications
which employ photorefractive two-wave mixing.
Photorefractive Optical Interconnection
A new method of reconfigurable optical interconnection using photorefractive dynamic holograms was conceived and demonstrated.28 Reconfigurable
optical interconnection using matrix-vector multiplication suffers a significant
energy loss due to fanout and absorption at the spatial light modulators. In the
new method, the nonreciprocal energy transfer in photorefractive media is
employed to avoid the energy loss due to fanout. The result is a reconfigurable
optical interconnection with a very high energy efficiency. The interconnection
can be reconfigured by using a different SLM pattern. The reconfiguration time is
limited by the formation of holograms inside the crystal. Once the hologram
which contains the interconnection pattern is formed, such a scheme can provide
optical interconnection between an array of lasers and an array of detectors for
high data rate transmission.
3.0 OPTICAL PHASE CONJUGATION
Optical phase conjugation has been a subject of great interest because
of its potential application in many areas of advanced optics.4- 6 For nonlinear
materials with third-order susceptibilities, the operating intensity needed in fourwave mixing is often too high for many applications,_ especially for information
processing.
Photorefractive materials are known to be very efficient at low
operating intensities.
In fact, high phase conjugate reflectivities have been
observed in BaTiO 3 crystals with very low operating power. In what follows, we
will briefly describe some of the most important and interesting recent
developments.
Self-Pumped Phase Conjugation
A class of phase conjugators which has received considerable attention
recently are the self-pumped phase conjugators. 12 , 2 9 In these conjugators, there
are no externally supplied counterpropagating pump beams. Thus, no alignment is
needed. The reflectivity is relatively high at low laser power. These conjugators
are, by far, the most convenient phase conjugate mirrors available.
Although
several models have been developed for self-pumped phase conjugation, 30-314 the
phenomena can be easily understood by using the resonator model.' 3,14,3s In this
model, the crystal is viewed as an optical cavity which supports a multitude of
modes. When a laser beam is incident into the crystal, some of the modes may be
excited as a result of the parametric gain due to two-wave mixing. If the incident
configuration supports bi-directional ring oscillation inside the crystal, then a
phase conjugate beam is generated via the four-wave mixing. The model also
explains the frequency shift of these conjugators. 35
Mutually Pumped Phase Conjugators
Another class of phase conjugators consists of the mutually pumped
phase conjugators (MPPC) in which two incident incoherent beams can pump each

3
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other to produce a pair of phase conjugate beams inside a photorefractive
crystal. The spatial wavefronts of the beams are conjugated and the temporal
information is exchanged.
The phase conjugation requires the simultaneous
presence of both beams. Recently, conjugators were demonstrated experimentally
using two incoherent laser beams in BaTiO 3 .36,38,39

These phenomena can be

3 9 ,40 or self-oscillations 37 in a fourexplained in terms of either hologram sharing
41
model.
resonator
or
process
mixing
wave

Phase Conjugate Michelson Interferometers
We will now consider a Michelson interferometer which is equipped with
phase conjugate mirrors. Such an optical setup is known as a phase conjugate
Michelson interferometer and has been studied by several workers.

4 2 _4 4

By virtue

of its names, this interferometer exhibits optical time reversal. Consequently, no
interference is observed at the output port. The output port is, in fact, totally
dark. 4 4 Such an interferometer is ideal for parallel subtraction of optical images
because the two beams arriving at the output port are always out of phase by Z.
This has been demonstrated experimentally using a BaTiO 3 crystal as the phase
conjugate mirrors.5s Using a fiber loop as one of the arms, such an interferometer Lan be used to sense nonreciprocal phase shifts." 6 A phase conjugate fiber
optic gyro has been built and demonstrated for rotation sensing using BaTiO 3
crystals." 7,4 8
Phase Conjugate Sagnac Interferometers
Using the mutually pumped phase conjugators mentioned earlier, a new
type of phase conjugate interferometer was conceived and demonstrated.4 9 In the
new interferometer, one of the mirrors of a conventional Sagnac ring interferometer is replaced with a MPPC. Such a new interferometer has a dual nature
of Michelson and Sagnac interferometry. As far as wavefront information is concerned, the MPPC acts like a retro-reflector and the setup exhibits phase conjugate Michelson interferometry and optical time reversal.2 As for the temporal
information, the MPPC acts like a normal mirror and Sagnac interferometry is
obtained. Such a new phase conjugate interferometer can be used to perform
parallel image subtraction over a large aperture. With optical fiber loops inserted
in the optical path, we have constructed fiber-optic gyros and demonstrated the
rotation sensing.
Other Developments Related to Photorefractive Nonlinear Optics
In addition to those described above, there are other significant
developments. These include polarization-preserving conjugators, 5 0 phase shifts
of conjugators, 5 1 optical matrix algebra,5 2 fundamental limit of photorefractive
speed, 5 3 nondegenerate two-wave mixing in ruby crystal, 5s and nonlinear Bragg
scattering in Kerr media. 5 5
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ABSTRACT
We describe a ring interferometer which incorporates a mutually-pumped phase conjugator
as one of the mirrors. As expected, this interferometer acts like a Sagnac interferometer, but with a
wide field-of-view and wavefront distortion correction. An unexpected nonreciprocal phase shift,
introduced by the mutually-pumped phase conjugator, is also observed.
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Phase-Conjugate Ring Interferometer

Ian McMichael, M.D. Ewbank and Pochi Yeh
Rockwell International Science Center
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(805) 373-4508

SUMMARY
Referring to Fig. 1, we describe an interferometer that employs one of the recently
discovered mutually-pumped phase conjugatorsl,2' 3 (MPPC's) as a mirror in a Sagnac ring
configuration. Light incident on one side of the MPPC exits from the opposite side. In this sense,
the MPPC acts like a reflector and, consequently, the phase-conjugate ring interferometer(PCRI)
shown in Fig. 1 behaves like a Sagnac ring interferometer. However, the light exiting from each
side the MPPC is the spatial phase conjugate of the light incident on that side. Therefore, unlike a
Sagnac, the PCRI has a large field-of-view and can correct for wavefront distortions; thus, the
PCRI resembles a phase-conjugate Michelson interferometer.
To demonstrate these features, we set up the PCRI shown in Fig. I using a "bird-wing"
MPPC with photorefractive barium titanate. 3 We found that 15% of the total power exits from the
output port of the interferometer. This contrasts what occurs when the MPPC is replaced by a
self-pumped conjugator where less than 1% exits from the output. 4 For a typical Sagnac
interferometer, with no nonreciprocal phase-shifts present, the percentage of power at the output is
given by,
(T- R) 2 X 100%

.

p

(1)

3
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where T and R are the intensity transmission and reflection coefficients of the beamsplitter. For
our beanisplitter with T = 2/3, R = 1/3, Eq. 1 gives 11%. This was verified by replacing the
MPPC with a normal mirror. There are two possibilities why the output of the PCRI is higher than
that for the Sagnac interferometer: a nonreciprocal transmission and/or a nonreciprocal phase shift.
Initially, neither of these two possibilities seems plausible since the configuration used for the
"bird-wing" PCRI was very symmetric.
To investigate this nonreciprocal behavior, we set up the PCRI shown in Fig. 2. Light
incident on the interferometer has linear polarization at 450 to the plane of incidence. With no

nonreciprocal elements in the interferometer, the output should also be linear polarization at 450 to
the plane of incidence. A nonreciprocal transmission will rotate the polarization of the output from
450, and a nonreciprocal phase shift will change the polarization from linear to elliptical. For the
bird-wing PCRI, the output is at 45' to the plane of incidence, indicating that the transmission is
reciprocal. However, the output polarization is elliptical. The measured ratio of the intensity along
the minor axis to that along the major axis is 6% and this indicates a nonreciprocal phase shift of
300. Again, this contrasts what occurs when the MPPC is replaced by a self-pumped conjugator,
where the polarization of the output is identical to the input to within I%,both in angle, and in
ellipicity. 5
To compare the results of our second experiment with the first, we consider a Sagnac
interferometer with no nonreciprocal transmission, but a nonreciprocal phase shift &. In this case,
the percentage of power at the output is given by,
[(T-R) 2 +2TR( I -cos8)]x 100%

(2)

Using our values of T and R from the first experiment, and our value of 8 from the second, Eq. 2
gives 17% which is reasonably close to the value of 15% measured in the first experiment.
Consequently, these experiments indicate that the PCRI acts like a Sagnac interferorneter with a
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nonreciprocal phase shift.
The wide field-of-view of the PCRI is demonstrated by the fact that in the first experiment
the two beams were lightly focussed into the bird-wing MPPC, and we were able to do image
subtraction by placing transparencies in the two beams. We also demonstrated the ability of the
bird-wing PCRI to sense nonreciprocal phase shifts by placing a Faraday modulator in the
interferometer. Both of these applications (i.e., image subtraction and nonreciprocal phase-shift
sensing) of the PCRI have been previously mentioned. 2
This research is supported, in part, by the U.S. Office of Naval Research under contract
N00014-85-C-0219.
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FIGURE CAPTIONS
1. Phase-conjugate ring interferometer used in the first experiment. Light from a laser is split by
beamsplitter BS into two beams, one is reflected by mirror M, and both are incident on a
mutually-pumped phase conjugator MPPC.
2. Phase-conjugate ring interferometer used in the second experiment. Light from a laser with
polarization at 45' to the plane of incidence is split by polarizing beamsplitter PBS into two
beams, one is reflected by mirror M and has its polarization rotated by the half-wave retarder
X/2, and both are incident on a mutually pumped phase conjugator MPPC.
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