Formations and Applications of

High-Performance Phase-Conjugate Mirrors in
Cu-doped(k[0.5]Na[0.5])[0.2](Sr[0.61]Ba[0.39])][O.
9]Nb[2]O[6]Photorefractive Crystals

54 en

H R Shizuoka University
~FH: 2012-03-06
F—7— K (Ja):

*—7— K (En):

{ERZE: Zheng, Yujin
X=ILT7 KL R:

FiriE:

https://doi.org/10.11501/3131629




BTHEHER

0002513794 R

THESIS

FORMATIONS AND APPLICATIONS OF HIGH-
PERFORMANCE PHASE-CONJUGATE MIRRORS
IN Cu-DOPED (K sNas)o2(Sro.s1Ba030)09Nb.0s
PHOTOREFRACTIVE CRYSTALS

Yujin ZHENG

Graduate School of Electronic Science and Technology
Shizuoka University

July 1997



Abstract

Optical phase-conjugate mirrors using photorefractive crystals are, by far, the
most efficient devices for the generation of phase conjugate waves. In the present
thesis the stable self-pumped phase-conjugate mirror (SPPCM), the high-
performance double phase-conjugate mirrors (DPCMs) and the applications of the
phase-conjugate mirrors (PCMs) are studied in photorefractive Cu-doped
(Ko.sN 2 5)o2(Sro6:B2030)0sND,O5 (Cu:KNSBN) crystals.

At first the origin and elimination of dynamic instability are further studied in a
Cu:KNSBN SPPCM. The theory and experiment show that the self-generated
fanning effect can be decreased with a partially extraordinary-polarized input light.
The dynamic instability can be eliminated by restraining the self-generated fanning.

The second subject concerns how to form a high-performance DPCM in
Cu:KNSBN crystals. A high-performance Cu:KNSBN modified-bridge DPCM
with low light loss and strong coﬁpled strength is formed. In another aspect, for the
crystals with different absorption coefficients, the optimum incident geometries of
the bridge DPCMs are discussed.

- Next, a new type of multiple PCM consisting of a SPPCM and a DPCM is
proposed in a Cu:KNSBN crystal. The performance of the multiple PCM is
investigated. The real-time orthoscopic three-dimensional image projection using the
multiple PCM is achieved by performing two phase-conjugate operations on the
incident image.

Finally, an all-optical switching dynamic interconnection is demonstrated using
the arrangement of the multiple DPCMs in a Cu:KNSBN crystal. An all-optical
routing switching dynamic interconnection is also achieved, in which the routing

dynamic interconnection is switched by inputting different control beams.
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Chapter 1

Introduction

1.1 Optical Phase Conjugation and its Background

Optical phase conjugation is a technique for reversing both the direction of
propagation and the overall phase factor of an incoming light wave."* The process
can be regarded as a unique kind of "mirror" with very unusual image-
transformation properties. A beam reflected by a phase-conjugate mirror retraces its
original path. This retroreflecting property of phase-conjugate waves is very useful
in .optical information processing, optical communication, optical interferometer,
optical computing and adaptive optical interconnection,’"” and so on. In this chapter,
we describe what is phase conjugation and its properties.

Figure 1.1 illustrates the remarkable difference between phase-conjugate
reflection and conventional mirror reflection. A conventional plane mirror [Fig.
1.1(a)] changes the sign of the wave vector k component normal to the mirror
surface while leaving the tangential component unchanged. An inputting light beam
can thus be redirected arbitrarily by suitable tilting the mirror. On the other hand,

the phase-conjugate mirror [Fig. 1.1(b)] causes an inversion of the vector quantity k,



(a) Conventional Mirror
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Fig. 1.1. Comparison of a conventional mirror reflection and a phase-conjugate
reflection. (a) Reflection of the plane mirror. (b) Reflection of phase-conjugate
mirror. The mirror reflection reverses the k-vector component normal to its surface,

whereas the phase-conjugate mirror reveres the vector quantity k.



so that the incident beam exactly returns upon itself and is independent of the
orientation of the phase-conjugate mirror.
Now, we consider the propagation of an electromagnetic wave along the z-axis.

Using analytic representation, the electric field can be written

E = A(r)exp{ifot - kz - ("] (1.1)

here w is the frequency, and k is the wave number. The amplitude A and the phase ¢
are real functions of position (x, y, z). For any electromagnetic wave given by Eq.

(1.1), its phase conjugate wave is given by

E. = A(r) exp{i[a)t + kz + qb(r)]}. (1.2)

E. and E form a conjugate pair. We can see that these two waves have exactly the
same wave fronts at any point in space. However, the motion of their wave fronts is
in opposite directions. If we reverse the sign of the time variable in E, we obtain E..
Thus, the phase-conjugate wave is often referred to as the time-reversed wave.

. To appreciate the property of phase conjugation, we consider the propagation of
a plane wave through a distorting medium and incident upon a phase-conjugate
mirror, as shown in Fig. 1.2. When the plane wave through the distorting medium, as
a result of the nonuniformity of the refractive index n (x, y, z) of the distorting
medium, the wave fronts of the transmitted wave are no longer planar [Fig 1.2(a)].
The transmitted wave is redirected by a phase-conjugate mirror. The generated
conjugate beam inputs again the distorting medium. Note that the conjugate beam

returns to the same plane wave [Fig. 1.2(b)]. This indicates that phase-conjugate
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Fig. 1.2. (a) An plane wave transmitted through a distorting medium (the wave fronts
of the transmitted beam are no longer planar) and incident upon a phase-conjugate
mirror. (b) Phase-conjugate wave 'generated by the phase-conjugate mirror retraces
the path of the incident beam and transmits through the distorting medium. The

plane wave fronts are restored.



waves have retroreflection and wavefront reconstruction properties.

Nonlinear optical phase conjugation was first observed in the backward
scattered light produced by stimulated Brillouin scattering (SBS).** No pump beams
are required for phase conjugation by SBS. However, because of the SBS growth
from the scattered noise, the intensity of the incident wave must exceed a threshold
value (> 10° W/cm?) for the process to occur. Three-wave mixing in asymmetric
crystals can also yield wave-front reversed replicas.* However the phase matching
condition restricts the angular field of view of the input wave to very small values.
This restriction is eliminated in phase conjugation by four-wave mixing.?* In
photorefractive media, phase conjugate based on four-wave mixing occurs at a much
less operating intensity as compared with other nonlinear optical processes. By far
potorefractive crystals, such as BaTiOs, SryssBag,sNb,Os (SBN), Bi;»zSiO, (BSO)
(KosNags)oa(Sros:Bags)osND.:Os (KNSBN), are the most efficient media for the
generation of phase-conjugate waves. In 1980, Feinberg et al. observed first
continuous-wave self-oscillation in‘ an optical resonator formed by phase-conjugate
mirror and a normal mirror.* White et al. demonstrated several optical oscillator
configurations in 1982.% In 1982, Feinberg demonstrated a versatile and effective
self-pumped phase-conjugate mirror (SPPCM) in a photorefractive BaTiO; crystal,
known as the cat mirror, which was self-starting and did not need any external pump
beam or cavities.”® Since the SPPCM was formed in a BaTiO; crystal, SPPCM has
been also observed in other photorefractive crystals, such as SBN, KNSBN, and so
on. The theory of SPPCM has been also presented by Macdonald and Feinberg.”
Many researchers have made great efforts to increase the phase-conjugate reflectivity
and enhance the response speed of SPPCM. Moreover, they revealed the dynamic
properties of SPPCM. However, the dynamic instability of SPPCM, which is

frequently encountered in experiments, continues to be a problem. Many studies



have shown that the dynamic instability of SPPCM are regular fluctuation, irregular
fluctuation, or optical chaos of four-wave mixing,?** while others have shown that
the dynamic instability depends on such conditions of the incident beam as incident
position and incident power.** To further investigate origin of the dynamic
instability and eliminate this instability are critical to SPPCM applications.

In 1987, Weiss et al. reported first a double phase-conjugate mirror (DPCM) in
a BaTiO; crystal based on four-wave mixing, which might carry different spatial
images.* In 1987, Eason ef al. showed the mutually incoherent beam coupler, which
two mutually incoherent beams simultaneously incident on the same side of a
BaTiO; crystal.”* In 1988, Ewbank reported and explained the bird-wing phase
conjugator in a BaTiO; crystal which involved more than one interactive region and
reflection at the surface of the crystail.39 As various different incident geometrical
DPCMs were demonstrated, the theoretical models of DPCMs were also proposed
and analyzed.*** However, the efficiencies of reported DPCMs are not too high. The
performance enhancement of DPCM has been required for its applications. Recently,
a stable high-efficiency DPCM in a Cu-doped  (KosNags)o2(Sro.6:Bap10)0sNb,0;
(Cu:KNSBN) crystal was first reported by Gao et al.> However how to form a high-
performance DPCM in a photorefractive crystal is a problem yet. For crystals with
different absorption coefficients, the optimum incident geometries for forming an
efficient DPCM also need to be revealed.

Photorefractive materials with their unique properties of real-time response and
low-intensity operation provide promising candidates for many applications, such as
optical information processing, optical computing, and optical communication.*-
Real-time image processing via four-wave mixing in a photorefractive medium was
demonstrated by White and Yariv in 1980.4 They used optical four-wave mixing in a

BSO crystal to perform image convolution and correlation. The use of a phase-



conjugate mirror (PCM) to project images was first reported by Levenson in 1980.%
However, when projecting three-dimensional (3D) images, PCMs bring inconvenient
viewing, because PCMs produce real pseudoscopic images with their perspective
inversion. The real-time orthoscopic 3D image projection using the feedback phase-
conjugate setup was demonstrated in 1991.“ However, the phase-conjugate
reflectivity of the feedback phase-conjugate setup was not high. Its performance is
also unstable.**

Other exciting applications of photorefractive materials are for optical
computing and optical communication. Interconnection devices are the basics
devices in optical computing and optical communication, which have drawn great
attention. Yeh et al. reported a kind of method reconfigurable optical interconnection
using dynamic holograms in photorefractive crystal in 1988 The optical
conjugation is the most prospective means to realize the dynamic interconnection.
The dynamic interconnection device has self-adaptive and fault-tolerant properties.
Weiss et al. proposed the photdrefractive dynamic optical interconnections.™”
Schamschula er al. presented the adaptive interconnection for the message-bearing
light irradiated onto the detector.™ Recently, Chiou et al. reported the photorefractive
spatial mode converter.”” However, all-optical switching dynamic interconnection
and all-optical routing switching dynamic interconnection have not be reported yet.

The properties of three kinds of general photorefractive crystals are listed in
Table 1.1. In the previous researches, most of studies were carried out using BaTiO,
and SBN crystals. Although BaTiO; crystal has a very large electrooptic coefficient
(rs), it suffers from an inconvenient Curie temperature of about 10°C.** Once the
temperature is lower than the critical temperature, phase transition of the crystal
quickly occurs, after which the crystal does not recover its former state. For this

reason, it is not convenient for practical use. The electrooptic coefficients of SBN



Table 1.1.

Comparison of the properties for three kinds of

general photorefractive crystals

Crystal BaTiO; SBN Cu:KNSBN
SroiﬁlBao_gngzoﬁ Cu-doped
(Ko.sNao.s)o.z(Sl'o.ﬁ1Bao.39)o.9Nb206
~0.01-0.06 wt % doped CuO
Curie temperature
10<T <128 75 140
T.(°C)
Electrooptic ris=19.5 ris =47 ris=50
CoeffiCiellt (10.12 I‘I]/V) Fi3 = 97 V33 = 235 F3z = 270
Foo = 1640 Fop = 400
Index of refraction n, =2.43 n, =233 n,=2.30
(A =514.5 nm) n.=2.36 n.=2.30 n,=227
Crystal growth difficult easy easy




crystal are not large and the response speed is slow.® Therefore, in recent years,
Cu-doped KNSBN crystal has attracted much attention. Cu:KNSBN crystal has
large electrooptic coefficients (r., and rs;) and is easy to grow.” In Cu:KNSBN
crystal, there is no inconvenient critical temperature in the usual atmospheric
temperature range. Thus Cu:KNSBN crystal has the advantage of convenient

usability. In this thesis, all studies are investigated using Cu:KNSBN crystals.

1.2 Outline of This Thesis

In the present thesis, the dynamic instability of a SPPCM is investigated by the
theory and the experiment. Then how to form a high-performance DPCM is
presented. For crystals with different absorption coefficients, the optimum incident
geometries are also studied. The latter part of the thesis is devoted to applications of
PCMs. The concrete organization is as follows.

Chapter 1 is this introduction, which provide an review of optical phase
conjugation and the outline of this thesis.

Chapter 2 is devoted to further study on the dynamic instability of a SPPCM in
a Cu:KNSBN crystal. The origin and elimination of dynamic instability of the
SPPCM are proved and discussed by the theory and the experiment.

In chapter 3, how to form a high-performance DPCM with a modified-bridge
incident geometry in a Cu:KNSBN crystal is déscribed. A high phase-conjugation
transmissivity with a high stability is observed under Brewster angle incidence.
Chapter 4 concerns with the formation of high-efficiency DPCMs with a bridge
incident geometry in Cu:KNSBNs. The optimum incident geometries of DPCMs

with the Cu:KNSBN crystals of different absorption coefficients are observed and



discussed.

Chapter 5 deals with the formation of multiple PCM consisting of a SPPCM
and a bridge DPCM in a Cu:KNSBN crystal. Two phase-conjugate operations on an
input light wave are described. The transmissivities and stability of the multiple
PCM are investigated. The spatial fidelity of the multiple PCM and the real-time
orthoscopic three-dimensional image projection using the multiple PCM are also
observed.

Chapter 6 addresses all-optical switching dynamic interconnection with
multiple DPCMs in a CwKNSBN crystal. The switching optical dynamic
interconnection between two light beams using two DPCMs is proposed. Further, 1
x 2 all-optical routing switching dynamic interconnection is investigated with
multiple DPCMs.

Last, the summary for the thesis is presented. The suggestions for further study

are also given.
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Chapter 2

Origin and Elimination of Dynamic Instability in a

Self-Pumped Phase-Conjugate Mirror (SPPCM)

The origin and the elimination of dynamic instability are further
studied in a self-pumped phase-conjugate mirror (SPPCM) of a
Cu:KNSBN crystal. Experimental results prove that the dynamic
instability of the SPPCM arises from the competition between the
self-generated fanning effect and SPPCM formation. The theory
and experiment show that the ordinary-polarized component of a
partially extraordinary-polarized incident light beam can act to
decrease the self-generated fanning effect of the photorefractive
crystal. The dynamic instability of the SPPCM is eliminated by
restraining the self-generated fanning effect with a partially

extraordinary-polarized incident light beam.

2.1 Introduction

The self-pumped phase-conjugate mirror (SPPCM), or called the cat mirror, has

been extensively studied since it was observed by Feinberg in 1982.! The SPPCM

14



was self-starting and did not need any external pump beam or cavities. The SPPCM
has attracted special interest for a number of applications, such as correction of the
wave-front distortion, optical image processing, optical interferometer,>* and so on.
However, the dynamic instability of the SPPCM, which is frequently encountered in
experiments, continues to be a problem. The elimination of this instability is critical
to SPPCM applications. Many researchers have proposed that the dynamic instability
of the SPPCM is regular fluctuation, irregular fluctuation, or optical chaos of four-
wave mixing,” while others have shown that the dynamic instability depends on the
incident conditions (incident angle, incident position and incident beam diameter) of
the incident beam.”'! The behavior of the dynamic instability seems to be a complex
problem. The origin and the elimination of dynamic instability in a SPPCM had been
advanced by Gao.” In Ref. 12, it was directed that the origin of the dynamic
instability in a SPPCM is the competition between the self-generated fanning process
and the SPPCM formation. The dynamic instability can be eliminated by rotating the
polarized direction of the incident light. However, the experimental study to prove
the origin of the dynamic instability and the theoretical analysis to eliminate the
dynamic instability of the SPPCM have not been presented.

In this chapter, the origin and the elimination of the dynamic instability are
further studied in a SPPCM." A theory of two-wave mixing is described, which is
used to explain the self-generated fanning effect in photorefractive crystal SPPCM.
The dynamic instability of the SPPCM is observed. We prove experimentally that
the origin of the dynamic instability arises from the competition between the self-
generated fanning effect and SPPCM formation. We further give the theoretical
explanation why the partially extraordinary-polarized incident light beam can

eliminate the dynamic instability of the SPPCM.
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2.2 Fanning Effect in Photorefractive Crystal

The photorefractive effect is an optical phenomenon in some electro-optic
crystal (including LiNbO,, BaTiO;, KNbO,, SBN, KNSBN, BSO, etc.) where the
local index of refraction is changed by the spatial variation of the light intensity.**
The spatial index variation leads to the distortion of the wave front. Such an effect
was referred to as “optical damage”. The optical damage is driven by the gradient of
the light intensity.

The photorefractive effect is believed to arise from optically generated charge
carriers which migrate when the photorefractive crystal is illuminated by the incid’ent
light of spatial non-uniformity. Migration of the charge carriers due to diffusion,
drift, and the photovoltaic effect produces a space-charge separation, which then
gives rise to a strong space-charge field. The space-charge field induces a refraction
index change via the electro-optic effect (Pockels effect).

When a light beam is incident on a photorefractive crystal, the scattering is
occurréd because of index inhomogeneity and impurities in the crystal. The scattered
light is asymmetrical with respect to the incident beam. If the incident beam has a
finite transverse cross section, the scattered beam will have an overlap with the
incident beam. Since the scattered beam has a large number of spatial components,
the overlap leads to the formation of a large number of photo-induced gratings.
Depending on the orientation of the crystal, some of the spatial components may be
amplified by the incident beam via the energy Coupling in two-wave mixing. This is
known as self-generated fanning effect,

We now consider the interaction of two laser beams inside a
photorefractive crystal (see Fig. 2.1). Let the electric field of the two optical waves

be written

16



Fig. 2.1. Configuration of two-wave mixing inside a photorefractive crystal.
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E; = A;expli(k; - r-wt)], j=1,2 (2.1)

where 4,, A, are the wave amplitudes, w is the angular frequency, and k,, k, are the
wave vectors. For the two beams of the same frequency, a stationary interference
pattern is formed. In response to the interference pattern of the optical waves, the
photorefractive medium evolves a space-charge field that, in turn, gives rise to a
refractive index grating. The spatial evolution of the electric field may be
approached using the coupled-wave theory. The basic photorefractive two-wave

mixing equations are given by (neglecting absorption)>'s”

_OML;Z_’_Q =-g*(2,0)A,(z,1), (22)
dA,(z,t)
= g(z,0)A,(z,1). (2.3)

In steady state, the grating g is

4

A4, »

where I is the total intensity, and y is the coupling coefficient between the beams.
We can see that the grating g is proportional to the coupling coefficient y in steady

state. The coupling coefficient y is written by

18



(2.5)

COS

b

where angles o, and o, are given in Fig. 2.1, the quantity E has unit of electric field,

and, when there is no uniform dc electric field in the crystal, it is given by

k,T k
E= B 8 1 ’1 * .
q 1+(k, /k)? 1=z (2.6)

where P, and P, are unit vectors describing the polarization states of the waves, k, is

the signed magnitude of the grating wave vector K, (K, =k, - k), it is written by

k, = 2(-”—60—’)sin( e ) @7

and the parameter &, is determined by the charge number density N according to

Y
ko_(eaokBT) ’ (28)

where k3T is the thermal energy, g is the charge of the carriers, & is the permittivity
of free space, and ¢ is the effective dielectric constant in the direction of K, it is

given by
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e=K, ¢ K, Ik, (2.9)

¢ is the dielectric tensor. For crystals of point group 4 mm, such as BaTiO,, SBN,
Cu:KNSBN, the effective Pockels coefficient r,; in Eq. (2.5) for ordinary-polarized
light is given by

. {o+a
For extraordinary-polarized light, the effective Pockels coefficient 7. is
T = {1, 'ry sin a;sina, +2n,%n’r,, cos?[(a; +0,) /2] 2.11)

+ no4r13 cosa, cosa, }sin[(ay +at, ) /2],

where n, and n, are the ordinary and extraordinary refractive indexes, respectively,
Yz, g and ry; are the electrooptic coefficients. Thus, we can see that the coupling
coefficient y depends on the angles of the incident light beams and is proportional to
the electrooptic coefficients. The electrooptic coefficients of photorefractive crystals
(BaTiO;, SBN, Cu:KNSBN) have been listed in Tablel.1. According to Egs. (2.11)
and (2.5), these photorefractive crystals have large two-wave mixing coupling
coefficients for extraordinary-polarized light. Thus, the self-generated fanning effect
by two-wave mixing is generated in these photorefractive crystals. Figure 2.2 shows
self-generated fanning of a Cu:KNSBN crystal under the incidence of extraordinary-

polarized light beam. The Cu:KNSBN crystal has the strong self-generated fanning
effect.
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Fig. 2.2. Self-generated fanning in a Cu:KINSBN crystal.
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2.3 Experimental Certification on the Origin of Dynamic
Instability in a Cu:KNSBN SPPCM

The general experimental setup of a SPPCM is shown in Fig. 2.3. A
photorefractive Cu:KNSBN crystal (6 mm x 6 mm x 6 mm) is illuminated by a
pump beam from an argon-ion laser at A = 514.5 nm. The incident beam diameter is
1.6 mm. The polarized direction of the incident light can be adjusted by rotation of
the half-wave plate. The angle scale of the polarization of the incident light is
defined as @ = 0° corresponding to the extraordinary-polarized direction and @ =
90° corresponding to the ordinary-polarized direction. When the polarized incident
light is neither extraordinary nor ordinary, that is, ® = 0° and ® = 90°, the incident
light is called a partially extraordihary-polarized light beam. In normal SPPCM
experiments the incident light beam is extraordinary polarized because the
extraordinary-polarized light corresponds to the largest photorefractive effect. Figure
2.4 shows the dynamic instability of the Cu:KNSBN SPPCM under extraordinary-
polarized light incidence. Here the dynamic instability is an irregular large
fluctuation. For the three states (points A, B, C in Fig. 2.4) of dynamic instability,
photographs of these SPPCM states were taken, as shown in Figs. 2.5(a), 2.5(b), and
2.5(c), respectively. In SPPCM experiments, two self-generated phenomena exist
when a laser light beam illuminates a photorefractive crystal. One is self-generated
fanning, and the other is the self-pumped four-wave mixing that corresponds to the
SPPCM. In photorefractive crystals, most of incident light is transformed into self-
generated fanning in some cases. It should be noted that the self-generated
fanning affects self-pumped phase-conjugate mirrors.”* The SPPCM formation and
the self-generated fanning effect are shown in Fig. 2.6. G1 corresponds to the grating

of the self-generated fanning, and G2 corresponds to the grating of the SPPCM.
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Art Laser ﬂ

Fig. 2.3. Experimental arrangement of the Cu:KNSBN crystal SPPCM. 0, incident
angle; @, polarization angle between the polarized direction of incident light and the
extraordinary-polarized direction; e and o, extraordinary and ordinary light,

respectively; A/2, half-wave plate; D’s, detectors.
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Fig. 2.4. Observed dynamic instability of the SPPCM under extraordinary-polarized

light incident (® = 0°). Here the incident angle 0 is 35°, and the incident light power

is 5 mW. The ordinate corresponds to the I./I percentage.
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(2)

(b)

(©

Fig. 2.5. Photographs of the SPPCM in three different states of dynamic instability.

(a), (b), and (c) correspond to points A, B, and C, respectively, of Fig. 2.4.
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Cu:KNSBN

Fig. 2.6. Schematic of the competition between the SPPCM formation and the self-

generated fanning effect. G1, the grating of the self-generated fanning; G2, the
grating of SPPCM.
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Self-generated fanning F1 propagates in the maximum gain direction. Fanning F2 of
the SPPCM propagates in corner direction of the crystal. When the gains of the two
effects are comparable, strong competition between the self-generated fanning effect
and the SPPCM formation takes place. We believe that the competition of the two
set gratings is an unstable process that leads to the dynamic instability of the SPPCM.
Figure 2.5 clearly shows the competition process. In Fig. 2.5(a) the SPPCM
formation has superiority in the competition, thus the phase-conjugate light is in the
peak point A of Fig. 2.4. In Fig. 2.5(b) the SPPCM is weaker, and the self-generated
fanning is clearly shown, with the phase-conjugate light decreasing to point B of Fig.
24. In Fig. 2.5(c) the self-generated fanning apparently has superiority, with the
phase-conjugate light in the valley point C of Fig. 2.4. This clearly shows that the
dynamic instability of the SPPCM arises from the competition between the self-

generated fanning effect and the SPPCM formation.

2.4 Theoretical Analysis and Experimental Study on the
Elimination of Dynamic Instability in a SPPCM

Let us examine Eq. (2.4) for the grating amplitude in two-wave mixing. The

total intensity 7 is
I=I+1, (2.12)

I, and I, are the intensities of two mixing wave, respectively. Thus Eq. (2.4) is

written

A, ()4, (2)
=y 2002 2 2.13
g=v L+l (2.13)
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We can see that the grating g is not only proportional to the coupling coefficient ¥,
but also inverse proportional to the total intensity I of two mixing wave. In the two-
wave mixing, if we add a background beam (by a laser beam which is mutually

incoherent to the two mixing waves), the total intensity can be written as
I=Il+12 +Io, (2.14)

where I, is the intensity of the added background beam. Equation (2.4) is now

written as

. AI(Z)AZ*(Z)

= . 2.15
/ L+1,+1, (15)

On comparing Eq. (2.13) and Eq. (2.15), we find that increasing / while keeping the
coupling coefficient y constant is equivalent to reducing y while keeping I constant.
In other words, in the two-wave rm'xing; when a background light beam of mutually
incoherent to the two mixing waves is inputted simultaneously. The gain of the two-
wave mixing is decreased. Of course, if this background beam is in any way
mutually coherent with the two mixing waves, then it will also couple with both
waves and change the entire dynamics. To avoid this the background light should be
completely incoherent with the interacting beams, and it could be a different
polarized light with the two mixing waves. The gain of two-wave mixing can be
reduced by simply introducing an incoherent background beam, that is, the self-
generated fanning effect in a SPPCM can be reduced by introducing an incoherent
background beam. To further prove the above conclusions and to eliminate the

dynamic instability, we carried out experiments exploring the means to restrain the
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self-generated fanning effect and to eliminate the dynamic instability by using the
partially extraordinary-polarized incident light of which the ordinary-polarized
component plays the role of incoherent background beam. In Ref. 23 the ordinary-
polarized light was used as a tool to erase the grating of a double phase-conjugate
mirror. Here we investigate the diffraction-efficiency change of the self-generated
fanning when the polarization angle of the incident light beam is rotated, using the
experiment arrangement shown in Fig. 2.7. In this experiment the self-generated
fanning takes place only in the extraordinary-polarized component. We define the

diffraction efficiency 7 of self-generated fanning as

Ief - pIein_I

o, o e (2.16)

'r’:

where p is the light loss in the light path. Figure 2.8 shows the diffraction efficiency
n as a function of the polarization angle ®. In Fig. 2.8 the diffraction efficiency
clearly decreases when polarization angle & increases. This means that the self-
generated fanning effect can be effectively weakened when the partially
extraordinary-polarized incident light replaces the extraordinary-polarized incident
light. As above described, the self-generated fanning effect is reduced by introducing
an incoherent background beam (the ordinary-polarized component of a partially
extraordinary-polarized light).

Using the experimental arrangement of Fig. 2.3, under the same incident
conditions as those of Fig. 2.4, we observed the dynamic instability of the SPPCM
when the polarization direction of the partially extraordinary-polarized light was
changed, with the results shown in Fig. 2.9. In our experiment, even though the

incident light is partially extraordinary polarized, the observed phase-conjugate light
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Fig. 2.7. Experimental arrangement for investigafing the diffraction-efficiency
change of self-generated fanning as a function of the polarization directioﬁ of the
incident light that is vertically incident upon the surface of the Cu:KNSBN crystal.
The incident light power is 5 mW, the focus of the lens is 18.5 cm, and the incident

beam diameter is 1.1 mm. P, polarizer; D, detector.
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Fig. 2.8. Diffraction efficiency of self-generated fanning as a function of the

polarization angle of the incident light.
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is only extraordinary-polarized light. This is because ordinary-polarized light does
not satisfy the Bragg-diffraction conditions of the grating that forms the SPPCM.
The ordinary-polarized component transmits the interaction region of the SPPCM
and plays only the role of erasing the grating of self-generated fanning. In Fig. 2.9(a),
when @ is 26°, the stability of the SPPCM is improved compared with that of Fig.
2.4. Further increasing @ to 35°, that is, increasing the ordinary-polarized
component, we observed that the dynamic instability is effectively eliminated [see
Fig. 2.9(b)]. In this case the self-generated fanning effect in the SPPCM is
effectively restrained by the ordinary-polarized component of the partially
extraordinary-polarized incident light. The SPPCM formation wins the competition
and maintains stable operation. Also, although the phase-conjugate reflectivity LJI
dose not increase compared with the peak value in Fig. 2.4, the ratio I/I, of the
phase-conjugate light and the extraordinary-polarized component of the incident
light is apparently increased. This means that the gain of the SPPCM is not
decreased because the gain of the SPPCM is considered to be in the saturated state,
and since the self-generated fanning effect is restrained, previous self-generated
fanning light is coupled into the SPPCM loop. These experimental results not only
shéw that the dynamic instability of SPPCM can be eliminated by use of partially
extraordinary-polarized incident light instead of extraordinary-polarized light but
also further prove that the dynamic instability of the SPPCM originates from the
competition between the self-generated fanning effect and the SPPCM formation.

- The results described above are universal for any incident condition. For
any unstable-operation state of the SPPCM under extraordinary-polarized light

incidence, the dynamic instability can be eliminated by rotating the half-wave plate.
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Fig. 2.9. Stability observations of the SPPCM for (a) ® = 26° and (b) ® = 35°
polarization angles of the incident light under the same incident conditions as those
of Fig. 2.4. The left ordinate corresponds to the I/l percentage, and the right

ordinate corresponds to the I,./I, percentage.
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2.5 Summary

In conclusion, a theory of two-wave mixing has been described, which was used
to explain the self-generated fanning effect in photorefractive crystal SPPCM. The
dynamic instability of thc SPPCM is further investigated. The dynamic instability of
the SPPCM originating from the competition between the self-generated fanning
effect and the SPPCM formation has been analyzed and proved in theory and
experiment. The self-generated fanning effect inside a photorefractive crystal can be
effectively decreased by the ordinary-polarized component of the partially
extraordinary-polarized light. The dynamic instability can be eliminated by
restraining self-generated fanning. Whenever the extraordinary-polarized light does
not correspond to the stable operaﬁon in the SPPCM, a partially extraordinary-
polarized light beam is able to yield stable operation of the SPPCM. We believe that
these results may also be realized in other photorefractive crystal SPPCMs because
the self-generated fanning effect exists in other photorefractive crystals such as

BaTiO; and SrBalNb,Os.
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Chapter 3

High-Performance Double Phase-Conjugate Mirror

(DPCM) in Cu:KNSBN Crystal

How to form a high-performance double phase-conjugate mirror in
a Cu:KNSBN crystal is demonstrated. A theory of four-wave
mixing in a double phase-conjugate mirror is described. Based on
great diffraction efficiency of four-wave mixing and low light losses,
a high-performance Cu:KNSBN double phase-conjugate mirror is
formed with modified-bridge geometry. A phase-conjugate
transmissivity as high as 63% with 97% relative stability is
observed, using a low power argon-ion laser of 514.5 nm

wavelength in Brewster angle incidence.

3.1 Introduction

The double phase-conjugate mirrors (DPCMs) generates the phase-conjugate
light beam of each of two incident light beams, which is one of the most popular
four-wave mixing (FWM) geometries for the conjugation of two light beams in a

photorefractive medium. The two incident beams need not be coherent with each
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other. The DPCMs have drawn great attention because of their wide applications in,
for example, optical image processing, optical communication and adaptive optical
interconnection.”** In photorefractive crystals, the different geometrical DPCMs
have been formed, such as the double phase-conjugate mirror (DPCM), the mutually
incoherent beam coupler, the bird-wing DPCM, the frog-legs DPCM, the bridge
DPCM, and the modified-bridge DPCM [these DPCMs are shown in Figs. 3.1(a) ~
3.1(f)].>** However, the efficiency of DPCMs was not too high. Here, the efficiency
of the DPCM is defined as the ratio of the total phase-conjugate output intensity and
the total incident light intensity, which is equal to the phase-conjugate transmissivity.
In general, the phase-conjugate transmissivity of these DPCM:s is not over 35%.>"
18213 The performance enhancement of the DPCM has been required for its
applications. Recently, a stable high-efficiency DPCM in a Cu:KNSBN crystal was
first reported by Gao et al.* However, how to form a high-performance DPCM in a
photorefractive crystal has not been revealed yet.

In this chapter, a theory of four-wave mixing in a DPCM is described. How to
form a high-performance DPCM in 2 photorefractive Cu:KNSBN crystal is
demonstrated.?” For the formation of a high-efficiency DPCM, we give what aspects
should be considered. Based on the theoretical analysis, a high-performance DPCM
with a very high phase-conjugate transmissivity is formed under Brewster angle

incidence.

3.2 Four-Wave Mixing in a DPCM

Here we present a one-dimensional coupled-plane-wave theory of four-wave
mixing for a DPCM. Although the interaction of four-wave mixing is two

dimensional, two-dimensional coupled-wave theory is too complex to use.”* The
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@) (b)

Fig. 3.1. Drawings of different geometrical DPCMs. (a) Double phase-conjugate
mirror. (b) Mutually incoherent beam coupler. (¢) Bird-wing DPCM. (d) Frog-legs
DPCM. (e) Bridge DPCM. (f) Modified-bridge DPCM.
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Fig. 3.2. Simplified diagram of four-wave mixing in a DPCM.
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sirﬁplc one-dimensional coupled-plane-wave theory is widely accepted as an
effective tool to explain quantitatively and qualitatively the four-wave mixing in
phase-conjugate mirror. Thus, we use the conventional and effective one-
dimensional coupled-plane-wave theory to explain qualitatively the performance of
DPCM with one interaction region. While in principle this theory can be extended to
the any geometrical DPCMs with two interaction regions. One interaction region
case is shown in Fig. 3.2. Beams 2 and 4 are incident upon a photorefractive crystal.
The interaction region extends from /; < z < /,. Beam 4 is deflected by grating G into
beam 1, which is phase conjugate to beam 2. Similarly, beam 2 is deflected by
grating G into beam 3, which is phase conjugate to beam 4. If the jth beam has an

optical electric field
According to the wave equation and using the slowly varying amplitudes

approximation, the four-wave mixing equations in the interaction region with the

transmission grating are given by (neglecting absorption) »**°

d4, 1

—1_i5 3.2

z 1, A,, (3.2)
4* _TY8 4+

dAdZ -4, 33)

d4, -yg

—_— O 4 34
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d, _ %3. A (3.5)

where y is the coupling coefficient given by Eq. (2.5) in chapter 2, I, is the total

intensity, i.e.,

Iy = |4 + |4 + 45" + 4], (3.6)

and the quantity g is defined as

g = A1A4* + Az*Ag,. (3.7)

The boundary conditions are
A () =0, (3-8)
A, () = 0. (3.9)

According to energy conservation the following quantities are constant:

dy = |4 +|A" =L+ 1, = L), (3.10)
dy =4[ +4s" =1, + I, = L, (), (3.12)
¢ = A4y + A:A,. (3.12)

In terms of the conserved quantities, the phase conjugate reflectivities R, and R, can

be expressed as
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2
= A,(L) =<l (3.13)
A4*(l1) d,
R, |40 |l (3.14)
|A2 (lz)‘ |d2

and using the conservation constant ¢ of Eq. (3.12), where c(l) = c(l), in

conjunction with the boundary conditions of Egs. (3.8) and (3.9), leads to

40) A
YRARPAA} G.15)

Thus the transmissivities T and T ' of the two incident beams through the interaction
region are equal. The transmissivity, that is, the diffraction efficiency 7 of four-wave

mixing, is given by

ZA0Y)

A, ()

1’]=T=

2 2 2
o =iA3(zl>| _ I (3.16)

A,L)|  ddy’

The only unknown quantity in Eq. (3.16) is the conservation constant c. Now we

determine the conservation constant ¢c. We define

A=d,-d,, (3.17)

r=(A2 +4|c|2)}é, (3.18)

and
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=
B= 5L (3.19)

Using Egs. (3.10), (3.11), and (3.12), the coupled Egs. (3.2), (3.3), (3.4), and (3.5)

have the solution

A,(z) 2ctanh[u(z -1,)]

A" (z) Atanh[u(z-1)]+r’ (3.20)

A;(z) _ —2ctanh[u(z-1)]

A (z) Atanh[pz-L)]+r 32D

Evaluating Egs. (3.20) and (3.21) at the boundaries z = [; and z = [, [see Egs. (3.13)
and (3.14)] yields |

vy =1)r] _ r
t.anh[———————2 T, T (3.22)

The transcendental equation can be rewritten by substituting for /I, in Eq. (3.22):

7 %
| |

1|(dy - )" + 47| |@a-an? + 4’|

= 3.23
2(d2 +d1) d2 +d1 ’ ( )

tanh

where [ = I,-1,. According to Eqgs. (3.16) and (3.23), we can solve the diffraction
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Fig. 3.3. Calculated diffraction efficiency n of four-wave mixing versus the
coupling strength y/ for the incident intensity normalization 7, + I, = 1 and the ratio q

=L/, =1.
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efficiency of four-wave mixing in terms of the independent variables (the incident
intensities d;, d,, and the coupling strength /) by computer.

Figure 3.3 shows the calculated diffraction efficiency 7 of four-wave mixing as
a function of coupling strength y! for the incident intensity normalization I, + I, = 1
and the ratio ¢ = I/I, = 1. We find that the large coupling strength j/ (the large
coupling constant y and the large interaction region [) corresponds to the high
diffraction efficiency of four-wave mixing in the DPCM, when the coupling strength
¥l is above the threshold 2. In the DPCM, a high diffraction efficiency of four-wave
mixing corresponds to a high phase-conjugate transmissivity ( or the efficiency) of
the DPCM. Thus, to achieved a high efficiency of the DPCM, the large coupling

constant y and the large interaction region / are required.

3.3 Formation of the High-Performance DPCM with the
Modified-Bridge Geometry

DPCMs are the devices of four-wave mixing. The phase-conjugate

transmissivity of a DPCM can be written

T,. = n(1- R)(1- R,)e-aL, (3.24)

where 7 is the diffraction efficiency of four—wave mixing. a is the absorption
coefficient. R, and R, are the specular reflectivities of two faces in a photorefractive
crystal, respectively. L is the light path length inside the crystal. According to Eq.
(3.24), to obtain a high-performance DPCM, the following aspects should be
considered: first, in the chosen geometrical DPCM, there should be a great

diffraction efficiency of four-wave mixing, which requires a great coupling constant
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y and a large interaction region, according to the theoretical analysis of above section.
Second, in the chosen geometrical DPCM, the light losses should be small. The light
losses include the absorption and scaftering loss inside the crystal, and the specular
reflection loss on the surfaces of the crystal. Third, a high efficiency will contribute
to the stable operation of the DPCM.

In Cu:KNSBN crystal, there are two large electrooptic coefficients, r,, (400
pm/V) and r5; (270 pm/V).>* Therefore, in CizKNSBN crystal, the modified-bridge
DPCM, the bird-wing geometrical DPCM and the bridge DPCMs can be formed
using mostly r,, and r;,>+*>* respectively. In the modified-bridge DPCM, there is a
large interaction region, as shown in Fig. 3.4. Once the modified-bridge DPCM was
formed, even if one incident light beam was obstructed, the corresponding phase-
conjugate beam initially underwent no change and was still generéted until the
formed grating was erased. Thus, we consider that the modified-bridge DPCM is
formed from the transmission grating of four-wave mixing. According to Eq. (2.5)
described in chapter 2, we calculated the coupling coefficient y as a function of the
symmetrical incident angle ® = @, = @, under extraordinary-polarized light beam
incidence in Cu:KNSBN crystal, as shown in curve 1 of Fig. 3.5. In our experimental
condition, y is large (y = 2.3-2.5 mm™). In the interaction region, each incident light
beam is diffracted two times on Bragg diffraction in two directions to form the
phase-conjugate light beam of another incident light beam.* Along the diffraction
directions of the large interaction region, the average interaction lengths I, [, and ,
are long, as shown in Fig. 3.4. In the diffraction directions, the average coupling
strengths ¥/ (i = 1, 2 and 3) exceed 7, which are enough great values from Fig. 3.3.
Therefore, we consider that, in the interaction region, the diffraction efficiency of the
four-wave mixing is great enough to get a high efficiency in mbdiﬁed-bridge

DPCM. However, in bridge geometrical DPCM of the Cu:KNSBN crystal, the
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Cu:KNSBN

Fig. 3.4. Schematic of the modified-bridge DPCM in a Cu:KNSBN crystal. The
Cu:KNSBN crystal is 6 mm x 6 mm x 6 mm (a x b x ¢). Incident beam diameter d is

1.6 mm.
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Fig. 3.5. Curve 1 is the calculated coupling constant y as a function of the
symmetrical incident angle ® = @, = ®, in the modified-bridge DPCM, based on the
following values: A = 514.5 nm, N ~ 5 x 10, g, = 588, 8;3 = 500, n, = 2.30, n, =
2.27, rs = 50 pm/V, ry, = 400 pm/V, ry; = 270 pm/V. Curve 2 is the calculated
specular reflection loss R, on the two surfaces of the crystal as a function of the
symmetrical‘ incident angle ® = @, = @, The closed circles correspond to the

incident angle ® = 67°.
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calculated coupling coefficient is small (y = 1.1-1.3 mm™). Although the bird-wing
DPCM of the Cu:KNSBN crystal has the same coupling constant value as the
modified-bridge DPCM, the diffraction efficiency is small, because its two separated
interaction regions are small. When the diffraction efficiency of the four-wave
mixing is high enough to obtain a high efficiency, attention should be paid to the
decrease of the light losses including the absorption and scattering loss inside the
crystal, and the specular reflection loss on the surfaces of the crystal in the DPCM.
The measured exponential coefficient of the absorption is 0.78 cm™, which leads to a
large loss of the light intensity in the used Cu:KNSBN crystal. The light path length
L of the modified-bridge DPCM is only half that of the bridge DPCM and the bird-
wing DPCM. Thus the absorption and scattering loss of the modified-bridge DPCM
is much smaller than that of other DPCMs. Therefore, in the modified-bridge DPCM,
the efficiency is much enhanced.

In another aspect, since the Cu:KNSBN crystal has large refractive indexes (7.
= 2.27, n, = 2.30),* the specular reflection loss cannot be neglected. When the light
beam is vertically incident on the crystal, the light loss of two faces in the crystal is
as high as 28% for extraordinary-polarized light case. Based on the Fresnel

reflection formula, the amplitude reflectivity is given by

B tan(®, - P,,)

— 3.25
e tan(®, +P,,)’ (3:25)
where ®,, is the refraction angle. It is written by the law of refraction
n,sin®, =n, sin®,,, (3.26)

where n,, = 1. Then the specular reflectivity is given by
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B ltan((ID1 - (I)lt)|2

2
R, =|re| —|tan(¢'1+q)1t)| '

(3.27)

It is just the specular reflection loss of one surface in the DPCM. The specular
reflection loss is a function of the incident angle. The calculated specular reflection
loss of two surfaces as a function of the symmetrical incident angle ® = ®, = @, is
shown in curve 2 of Fig. 3.5, when the extraordinary-polarized light is incident upon
the Cu:KNSBN crystal. In the modified-bridge DPCM, the optimum incident aﬁgle
with a great coupling constant is about 67°, which is just in Brewster angle range. In
this incident angle range, the specular reflection of the crystal surface is minimum,
and the specular reflection loss is effectively diminished. Therefore, the efficiency of
the DPCM is enhanced. From Fig. 3.5, we can see that when the incident angle is in
the Brewster angle range, the coupling coefficient y is also located in a large value
range. In this case, the Cu:KNSBN modified-bridge DPCM has a large diffraction
efficiency of four-wave mixing, and its light loss is small. Therefore, it is possible
that the Cu:KNSBN modified-bridge DPCM reaches a very high efficiency in
Brewster angle incident.

Based on the above considerations, we made the experiments of the modified-
bridge DPCM in a Cu:KNSBN crystal, using a low power argon-ion laser of A =
514.5 nm, under Brewster angle incidence. Figure 3.6 shows the measured phase-
conjugate transmissivity Ty (Tpe = oo/ = I1pe/I;) with different incident location x, at
the certain incident pbsition x;. The maximum phase-conjugate transmissivity
" reaches 63%, which is the highest value in the reported DPCMs to oﬁr knowledge.
In our experimental, the two phase-conjugate transmissivities are approximately

identical. In the most suitable incident positions (x;, X, = 2 ~ 2.5 mm), the light path
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inside the crystal is small, thus the absorption and scattering loss is small.
Therefore, in this case, the phase-conjugate transmissivity has maximum value.

Also, the high efficiency results in a very stable operation of the modified-
bridge DPCM. Figure 3.7 is an observation of stability of the modified-bridge
DPCM over a long period of time. The relative stability is as high as 97% which is a
very high value in a long-time observation in comparison with other DPCMs. The
high efficiency decreases the turbid fanning inside the crystal and the disturbance of

the turbid fanning to the grating of the DPCM.

3.4 Summary

In conclusion, a plan-wave theory of four-wave mixing has been given. How to
form a high-performance DPCM in a Cu:KNSBN crystal has been described. Based
on the great diffraction efficiency of four-wave mixing, the low light losses
including absorption and scattering loss inside the crystal, and specular reflection
loss on the surfaces of the crystal, a high-performance modified-bridge DPCM has
been formed in a Cu:KNSBN crystal. A phase-conjugate transmissivity of as high as
63% with 97% relative stability was observed in Brewster angle incidence. The
efficiency of the modified-bridge DPCM is the highest value in reported DPCMs to

our knowledge.
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Chapter 4

High-Efficiency Bridge Double Phase-Conjugate
Mirrors (DPCMs) in Cu:KNSBN Crystals

The formation of high-efficiency double phase-conjugate mirrors
with the bridge incident geometry is demonstrate in Cu:KNSBN
crystals. These bridge double phase-conjugate mirrors have high
efficiency, even under low incident power. For crystals with
different absorption coefficients, the optimum incident geometries
of the bridge double phase-conjugate mirrors are observed and

discussed.

4.1 Introduction

.The double phase-conjugate mirror (DPCM) was reported by Weiss et al. in
1987, since then, DPCMs have drawn great interest for their wide applications. In
some photorefractive crystals, different geometrical DPCMs have been reported, as
shown in Figs. 3.1(a) ~ 3.1(f). In these DPCMs, the phase-conjugate transmissivity
was not too high. In chapter 3, based on the great diffraction efficiencyl of four-wave

mixing, the low light losses including absorption and scattering loss inside the
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crystal, and specular reflection loss on the surfaces of the crystal, a high-
performance modified-bridge DPCM in a Cu:KNSBN crystal was formed. However,
in some applications, for example a three-dimensional object projection in next
chapter, the bridge geometry of DPCM is needed. Previously, the bridge DPCM was
observed only in BaTiO,; and SrBaNb,O, crystals.”” Although BaTiOs crystal has a
very large electrooptic coefficient (r,), it suffers from an inconvenient Curie
temperature. In recent, we formed the bridge DPCMs, the modified-bridge DPCM
and the bird-wing DPCM,** by using Cu:KNSBN crystals having the advantage of
convenient usability.” In this chapter, we describe the formation of bridge DPCMs in
Cu:KNSBN crystals using a low-power (milliwatt order) argon laser (A = 514.5 nm).
Two kinds of high-efficiency bridge DPCMs are formed. For the crystals with
different absorption coefficients, the optimum incident geometries are explored. The
experimental results show also that the high-efficiency DPCMs are very suitable for

work at low incident powers.

4.2 Formation of the High-Efficiency Bridge DPCM:s in Cu:
KNSBN Crystals with Different Absorption Coefficients

The experimental arrangement is shown in Fig. 4.1, where two 'extraordinary
polarized light beams 1 (with intensity J;) and 2 (with intensity L) of the laser (514.5
nm wavelength) are incident on opposite faces of a Cu-doped KNSBN (0.01-0.06
wt % doped CuO) crystal, which has been called the bridge geometry of DPCM by
Sharp et al.' The incident light beam diameter is 1.6 mm. The path difference of the
two incident light beams is 50 cm, which is much longer than the coherence length
(5 cm) of the laser. Therefore, the two light beams are mutually incoherent. Beams

1* (with intensity I,,) and 2* (with intensity L,) are the phase-conjugate beams
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Fig. 4.1. Experimental arrangement of the Cw:KNSBN bridge DPCMs. (a)
Symmetrical-bridge geometry. Here the incident angles and the positions of two
incident beams are symmetrical. (b) Asymmetrical-bridge geometry. Here the

incident angles and the positions of two incident beams are asymmetrical.
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Fig. 4.2. Photographs of the formed Cu:KNSBN bridge DPCMs. (a) Symmetrical-

bridge geometry. (b) Asymmetrical-bridge geometry.
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generated by the bridge DPCMs. In our experiments, two bridge incident geometries
were adopted, as shown in Fig. 4.1. In the incident geometry shown in Fig. 4.1(a),
the incident angles and the positions of two incident light beams are symmetrical.
This is called the symmetrical-bridge geometry of DPCM. In the incident geometry
shown in Fig. 4.1(b), the two incident angles and positions are asymmetrical, and
this is called the asymmetrical-bridge geometry of DPCM. Two Cu:KNSBN crystals
of about 6 mm x 6 mm x 6 mm were used. The two crystals have apparently
different dopant concentrations. The exponential absorption coefficient of one
crystal (crystal 1) is 0.78/cm, that of the other crystal (crystal 2) is 0.27/cm. Figures
4.2(a) and 4.2(b) show photographs of the Cu:KNSBN bridge DPCMs with the
incident geometries shown in Figs. 4.1(a) and 4.1(b). After the bridge DPCMs were
formed, if one input light beam was obstructed, the corresponding phase-conjugate
light initially underwent no change and was still generated until the formed grating
was erased. Therefore, the Cu:KNSBN bridge DPCM is also formed from the

transmission grating of four-wave mixing.

4.3 Observation and Discussion of the Optimum Incident
Geometries of DPCMs

“The interaction regions of the symmetrical and asymmetrical bridge geometries
of the DPCMs are shown in Figs. 4.3(2) and 4.3(b). In the two Cu:KNSBN bridge
DPCMs, large interaction regions A, and A, are generated, respectively. According
to the discussion of above chapter, the long interaction regions correspond to
high diffraction efficiency of four-wave mixing. The interaction regions have
two-dimensional distributions. The incident conditions, such as the incident beam

diameter, the incident angle, the incident position, determine the interaction region
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Fig. 4.3.. Schematics of the interaction regions in the Cu:KNSBN bridge
DPCMs. @,, ®@,, incident angles; x,, x,, incident positions. (a) Symmetrical-bridge
geometry. A, interaction region of the symmetrical-bridge DPCM. (b)
Asymmetricél-bridge geometry. A,, interaction region of the asymmetrical-bridge

DPCM.
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“and therefore the efficiency of the DPCMs. However, inside the crystal a beam
diameter that is too large leads to a pronounced self-generated fanning effect, which
will result in low efficiency because self-generated fanning disturbs the DPCM
grating and shares much of the incident light beams. Moreover, when the beam
diameter inside the crystal is too large, the SPPCM and the bridge DPCM are easily
generated simultaneously in the crystal. In this case, the phase-conjugate light output
is very unstable because of the grating competition between the DPCM and the
SPPCM.® When the incident beam diameter is certain, the incident geometry decides
the beam diameter inside the crystal. For a different crystal a suitable incident
geometry is need.

Figure 4.4 shows the phase-conjugate transmissivity T, (T = L/l = L,/) of
the DPCMs using crystal 1 (circles) and crystal 2 (squares) with the symmetrical-
bridge geometry shown in Fig. 4.1(a) versus the symmetric incident angle ® (® = @,
= ®,). The experimental results show that the symmetrical-bridge. DPCM with
crystal 1 having a large absorption coefficient has high phase-conjugate
transmissivity, and for the wide range Vof angles from 33° to 50°, the phase-conjugate
transmissivities exceed 40%. The maximum phase-conjugate transmissivity is 45%.
At the typical incident light intensity of I = I, = I, = 2 mW, the response time of the
symmetrical-bridge DPCM with crystal 1 is 44 s for incident angle ® = ®;= @, =
47° and incident position x = x, = x, = 3.5 mm. However, in the symmetrical-bridge
DPCM with crystal 2 having a small absorption coefficient, the response angle is
small and the range of response angles is narrow. Moreover, its maximum phase-
conjugate transmissivity is smaller than that of DPCM with crystal 1. Thus we can
conclude that the DPCMs, which are formed by crystals having different absorption
coefficients, correspond to different incident angles and different angle ranges. The

DPCM having a small absorption coefficient corresponds to a small incident angle
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and a narrow angle range.

Although in symmetrical-bridge geometry, the efficiency of the DPCM with
crystal 2 is smaller than that of DPCM with crystal 1, in asymmetrical-bridge
incident geometry, we have observed the opposite result. Under the optimum
incident conditions (®, = 21°, @, = 41°, and x, = 2 mm, x, = 3.3 mm) of
asymmetrical-bridge geometry, the phase-conjugate transmissivity of the DPCM
with crystal 2 reaches 50%. However that of DPCM with crystal 1 is only 35%. The
above experimental results show that the crystal having a small absorption
coefficients is suitable for the asymmetrical-bridge DPCM, but the crystal having a
large absorption is suitable for the symmetrical-bridge DPCM. Moreover under the
optimum incident conditions of asymmetrical-bridge DPCM with crystal 2, the
measured response time of the DPCM is 59 s under the incident light intensity I = I,
=I,=2mW. |

Figure 4.5 shows the phase-conjugate transmissivity T, versus the incident light
intensity I (I = I, = ), in CuzKNSBN symmetrical-bridge DPCM and asymmetrical-
bridge DPCM under their optimum. incident conditions. The triangles show the
experimental results of DPCM with crystal 2 in asymmetrical-bridge geometry. The
circles show the experimental results of DPCM with crystal 1 in symmetrical-bridge
geometry. These two bridge DPCMs both have high efficiencies at low incident
powers. When [ is only 0.12 mW, the phase-conjugate transmissivity of the DPCM
with crystal 2 reaches 30% in asymmetrical-bridge geometry. Generally, small
absorption and low incident power correspond to a small photorefractive effect in the
crystal. Therefore, we can deduce that a crystal having a small photorefractive effect
is suitable for forming the asymmetrical-bridge DPCM. This is because the DPCM
made of a crystal with a small photorefractive effect needs a long interaction length

for high diffraction efficiency of four-wave mixing. In the asymmetrical-bridge
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DPCM, the interaction length is longer than that of the symmetrical-bridge DPCM
[see Figs. 4.3(a) and 4.3(b)].

4.4 Summary

In conclusion, two kinds of bridge DPCMs (symmetrical geometry and
asymmetrical geometry) have been formed with Cw:KNSBN crystals having
different absorption coefficients. These Cu:KNSBN bridge DPCMs have very high
efficiencies. When the absorption coefficients of the crystals are different, the
optimum incident geometries of forming DPCM are different. The crystal having a
large absorption coefficient is suitable for forming the symmetrical-bridge DPCM,
and the crystal having a small absorption coefficient is suitable for forming the
asymmetrical-bridge DPCM. At very low powers, these bridge DPCMs of
Cu:KNSBN crystals still have very high efficiencies.
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Chapter 5

Multiple Phase-Conjugate Mirror (PCM) and
Orthoscopic Projection of a Three-Dimensional (3D)

Object in a Cu:KNSBN Crystal

A new type of multiple phase-conjugate mirror consisting of a self-
pumped phase-conjugate mirror and a bridge double phase-
conjugate mirror is presented in a CwKNSBN crystal, which
performs two phase-conjugate operations on the incident light
wave. A phase-conjugate reflectivity as high as 105% with a high
stability is observed. A good fidelity of phase-conjugate image is
obtained. The real-time orthoscopic three-dimensional image
projection using the multiple phase-conjugate mirror is also

demonstrated.

5.1 Introduction

~ The phase-conjugate mirrors (PCMs) have attracted special interest for a
number of applications.”® In photorefractive crystals, different PCMs have been

reported, as described in chapter 2 and chapter 3. The use of a PCM to project
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images was first reported by Levenson in 1980.° However, when projecting three-
dimensional (3D) images, PCMs bring inconvenient viewing, because PCMs
produce real pseudoscopic images with their perspective inversion. The real-time
orthoscdpic 3D image projection using thé feedback phase-conjugate setup was
realized in 1991.° However, the phase-conjugate reflectivity of the feedback phase-
conjugate setup is not high in performing 3D image projection. This system is also
unstable.”™

In this chapter, a new type of multiple PCM in a Cu:KNSBN crystal is
presented, which consists of a SPPCM and a bridge DPCM." The multiple FCM
performs two phase-conjugate operations on the incident light wave. The
performance of the multiple PCM is investigated. The fidelity of the phase-conjugate
image and the real-time orthoscopic projection of a 3D object are also demonstrated

by use of the multiple PCM.

5.2 Two Phase-Conjugate Operations on an Input Light
Wave |

As described in chapter 1, optical phase conjugation is a technique that can
precisely reverse both the direction of propagation and the overall phase factor for an
input light wave. When an electromagnetic wave described by Eq. (1.1) is incident
on a PCM, its phase-conjugate wave is given by Eq. (1.2). We can see that the
incident wave and its phase-conjugate wave héve exactly the same wave front at any
point in space. However, the motion of these two sets of wave fronts is in opposite
direction. For the projection of 3D object scenes, this means that the relation
between the front and back positions in the propagation direction is inverted in the

phase-conjugate images of projected 3D object, and also the left and right positions

70



are flipped in the cross section of the propagation direction compared with the
incident images of the 3D object. Phase-conjugate reconstruction produces real
pseudoscopic images with perspective inversion, which is clearly inappropriate for
the projection of the 3D object. If the phase-conjugate operation is again performed
for any phase-conjugate wave given by Eq. (1.2), that is, a system performs two
phase-conjugate operation on the incident wave, then the secondary phase-conjugate

wave is written by

Ecc = A(r) exp{z[a)t —kz - ¢(r)]}' (51)

It can be seen that this is just a restoration of the incident light wave. In other words,
when two phase-conjugate operations on the incident images of the 3D object are
performed, the correct perspective orthoscopic projection of the 3D object can be

achieved.

5.3 Formation of the Multiple PCM in a Cu:KNSBN Crystal

The formation of a Cu:KNSBN crystal SPPCM has been reported in Ref. 12. In
chapter 2 and chapter 3, the high-performance DPCM and tile high-efficiency bridge
DPCMs have been demonstrated in Cu:KNSBN crystals. Here the hew multiple
PCM consisting of two PCMs (a SPPCM and a bridge DPCM) is also formed in a
Cu:KNSBN crystal. In order to form two PCMs in a photorefractive crystal, the
incident geometry should be well arranged. The experimental schematic of the
multiple PCM is shown in Fig. 5.1. An extraordinary-polarized light beam 1 (with
light intensity I,) from an argon laser at A = 514.5 nm is incident upon a face of the

Cw:KNSBN crystal (6 mm x 6 mm x 6 mm) with incident angle 6. A SPPCM is
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Cu:KNSBN

Fig. 5.1. Schematic of a Cu:KNSBN crystal multiple PCM. Incident beams 1 and

2., and beams 1 and 3 are mutually incoherent. 0, ®,, and @, are incident angles.
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Fig. 5.2. Photograph of the formed Cu:KNSBN crystal multiple PCM.
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formed. Phase-conjugate beam 1* (with light intensity I1,;) of incident beam 1 is
generated by the SPPCM. According to the description of Ref. 12, to obtain stable
efficient SPPCM, we selected properly incident angle 6 (6 = 40°). The incident light
beam diameter d is 2 mm. The observed phase-conjugate light output of the SPPCM
is stable. Here, the incident light intensity is 22 mW. The measured phase-conjugate
reflectivity Ripe (Rype = Iip/ly) Of the SPPCM is 46%. Further, the phase-conjugate
light beam generated‘ by the SPPCM is fed back to the other a face of the
Cu:KNSBN crystal as secondary incident light beam 2. (with light intensity pc)-
The incident angle of light beam 2,- is ®,. Meanwhile, the other extraordinary-
polarized light beam 3 (with light intensity I;) is incident upon a face of the
Cu:KNSBN crystal at angle @, (see Fig. 5.1). A bridge DPCM of the Cu:KNSBN
crystal is formed. The path differences of incident light beams 2,. and 3, and 1 and 3
are 60 cm and 20 cm, respectively, which are much longer than the coherence length
(5 cm) of the argon laser. Therefore, beam 2,. and 3, and 1 and 3 are mutually
incoherent. Phase-conjugate light beam 2* (with light intensity I,.) of feedback
phase-conjugate light beam 2;. is genérated by the bridge DPCM. In the experiment,
Incident angles ®, and @, are 21° and 41° respectively, which correspond to the
optimum incident angles of the bridge DPCM described in chapter 4. Thus, a new
type of multiple PCM is formed, which performs two phase-conjugate operations on
the signal input with the two PCMs (the SPPCM and the bridge DPCM) in a single
Cu:KNSBN crystal. A photograph of the multiple PCM is shown in Fig. 5.2.

5.4 Performance of the Multiple PCM

Figure 5.3 shows the final phase-conjugate reflectivity Rype (Rape = Iopo/loape) Of

the multiple PCM versus the ratio g (g = L/Ly4p). When the ratio g = 4.0, a phase-
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conjugate reflectivity as high as 105% was observed. This high value means that the
Cu:KNSBN multiple PCM has good prospects for practical applications. In the
multiple PCM, two large interaction regions are generated in the SPPCM and the
DPCM, respectively. The large coupling constants and the large interaction regions
result in high diffraction efficiencies of four-wave mixing, which has been described
in chapter 3. Therefore, a high efficiency was achieved in the multiple PCM.

We also observed the stabilities of phase-conjugate light intensities I, and I,
simultaneously, as shown in Figs. 5.4(a) and 5.4(b). The relative stabilities are about
92% and 90% respectively, which are very high values. Both phase-conjugate light
intensities Iy, and I, are very stable. The multiple PCM is more stable than the
feedback phase-conjugate setup described in Ref. 9. This is because the interaction
regions of the two PCMs constituting the multiple PCM are separate. There is no
interference between them. The stable SPPCM and the stable bridge DPCM can
been formed in the Cu:KNSBN crystal, respectively. Moreover, inside the crystal,
the fanning and the disturbance of the fanning to the gratings of the two PCMs are
small because of their high efficiencies. Thus, a stable phase-conjugaté light output

of the multiple PCM is produced.

5.5 Spatial Fidelity of the Multiple PCM and Real-Time
Orthoscopic 3D Image Projection

In PCMs, the spatial resolution of the phase-conjugate image is used to examine
the spatial fidelity of the PCMs. Here we observed the spatial fidelity of the multiple
PCM, using the experimental arrangement shown in Fig. 5.5. The incident beam
diameter was expanded to 12 mm by a pair of lenses (L, and L). A standard USAF

resolution test card was inserted in position D1 of the incident pass. After passing
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Fig. 5.5. Experimental arrangement for observing phase-conjugate images of a

multiple PCM. M2, half-wave plate; BS’s, beam splitters; L’s, lenses; M’s, mirrors.
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through the beam splitter BS,, the image-bearing beam was focused on a face of
the‘v Cu:KNSBN crystal by a lens L; (focal length f = 95 mm). The phase-conjugate
image generated by the SPPCM was also fed back to the Cu:KNSBN crystal as
secondary incident light beam 2;.. Lens L, (focal length f = 45 mm) focused phase-
conjugate light beam 2. onto the other a face of the crystal, and all other incident
conditions are the same as shown Fig. 5.1. For the image-bearing beam, two phase-
conjugate operations were performed. Figure 5.6 shows the final image generated by
the multiple PCM in position D3. The resolution of the phase-conjugate image is
about 22.6 line pairs/mm. This shows that the multiple PCM has a good spatial
fidelity of the phase conjugation.

It is known that PCMs produce real pseudoscopic images of 3D object with
their perspective inversion. Here we explored the real-time orthoscopic images
projection of a 3D object, by utilizing the high-performance multiple PCM described
above. In the experimental arrangement of Fig. 5.5, we removed the sténdard USAF
resolution test card and inserted a 3D transmissive object in position D1. The 3D
object is composed of two images ("C" and "S") positioned at 3 cm apart along the
incident pass (the image "C" is placed at front position D1, and the image "S" is
placed at back position D1,), and all other experimental conditions are still same as
those of Fig. 5.1. The phase-conjugate pseudoscopic images of the 3D object
produced by the SPPCM with a reflectivity Ry, of 42% are shown in Figs. 5.7(a) and
5.7(b), which are taken in positions D2, and D2, with 3 cm apart, respectively. The
distance (3 cm) is just equal to the distance between the two images constituting the
3D object. Figure 5.7(a) shows that the projection of the image "S" placed at
position D1, is clear, however the projection of the image "C" placed at position D1,
is not clear. Figure 5.7(b) shows the opposite result. This means that the relation

between the front and back positions of the projection images of the 3D object

79



Fig. 5.6. Phase-conjugate image of the USAF resolution test card in position D3 by

the multiple PCM.
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Fig. 5.7. Phase-conjugate images of the 3D object. (a), (b) Phase-conjugate
pseudoscopic images of the 3D object, which are taken in positions D2 and D2,
respectively. (c), (d) Phase-conjugate orthoscopic images of the 3D object, which are

taken in positions D3, and D3,, respectively.
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produced by th¢ SPPCM is reversed in the propagation direction compared with
the incident images of the 3D object. Moreover, the relation between the left and
right positions is also reversed in the cross section of the propagation direction
compared with the incident images of the 3D object. This is inconvenient for
viewing. When the phase-conjugate operation is again performed for the phase-
conjugate pseudoscopic images [Figs. 5.7(a) and 5.7(b)] by the bridge DPCM, the
real-time orthoscopic images of the 3D object are produced by the multiple PCM.
The final phase-conjugate images of the projected 3D object by the multiple PCM
with a reflectivity R, as high as 102% are shown in Figs. 5.7(c) and 5.7(d). They are
respectively taken in positions D3; and D3,, which are also 3 cm apart. We can see
that the front and back positions of the 3D object are reversed and the left and right
positions are flipped in comparison with each other results [Figs. 5.7(2) and 5.7(b)]
produced by the SPPCM. The real-time orthoscopic images of the 3D object are
achieved, which is satisfactory for viewing. This is just as described in the second
section. Thus, the correct perspective orthoscopic image projection of the 3D object

is produced by the high-performance multiple PCM.

5.6 Summary

A new type of multiple phase-conjugate mirror consisting of a SPPCM and a
bridge DPCM has been demonstrated, which performs two phase-conjugate
operations on the incident signal in a CuKNSBN crystal. The stable phase-conjugate
light output has been produced by taking the suitable incident geometry (a SPPCM
and a bridge DPCM) with the optimum incident conditions. The multiple PCM has a
very high efficiency and good fidelity. Using the high-performance multiple PCM,

the real-time orthoscopic projection of a 3D object has been achieved .
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Chapter 6

All-Optical Routing Switching Dynamic Intercon-
nection with Multiple DPCMs

An all-optical switching dynamic interconnection and an all-
optical routing switching dynamic interconnection are
demonstrated using the arrangements of the multiple double
phase-conjugate mirrors in a photorefractive Cw:KNSBN crystal.
The ON and OFF states of dynamic interconnection between the
two light beams are dominated by a control beam. The dynamic
interconnections of the multiple light beams are also optically

switched via the incidence of different control beams.

6.1 Introduction

Interconnection devices are the basic devices in optical communication, optical
computing, and optical information processing, and have attracted great attention.
For critical interconnections, the alignment is very difficult because of influence of
vibration, thermal drift, and other environmental factors. Specially, in waveguide

optics field, the interconnections (for example waveguide-to-waveguide and fiber-to-
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fiber) have been a very trouble problem which is in urgent need to be overcame for
practical applications. The dynamic interconnection can compensate for vibrational,
thermal, and other environmental fluctuations. In other words, the dynamic
interconnection is the ideal device for these applications because of its self-adaptive
and fault-tolerant properties. Optical conjugation is the most promising means of
realizing the dynamic interconnection. Weiss and co-workers proposed the
photorefractive dynamic optical point-to-point interconnections.? Schamschula e al.
presented the adaptive interconnections for the message-bearing light irradiated onto
the detector.’ Recently, Chiou et al. reported the photorefractive spatial mode
converter for multimode-to-single-mode fiber-optic coupling.* In these optical
interconnections the double phase-conjugate mirrors (DPCMs) of the photorefractive
crystals were used. The photorefractive crystals excel in providing efficient
interaction of light beams even in very low power (milliwatt order). In the DPCMs
the two input beam need not be mutually coherent and can be derived from separate
laser.*¢ In these interconnections, the critical optics system of collimating and
focusing beams is not required, becaﬁse of the generation of phase-conjugate wave.
The dynamic interconnections based on the DPCMs are bidirectional, self-adaptive,
fault-tolerant and efficient. However, the switching and routing switching dynamic
interconnections have not been realized yet.

In this chapter, we present an all-optical switching dynamic interconnection and
an all-optical routing switching dynamic interconnection, which consist of multiple
DPCMs in a Cu:KNSBN crystal and a partial reflection mirror.” First, we describe
the performance of the switching dynamic-optical interconnection between two light
beams with the two DPCMs in the Cu:KNSBN crystal. Then 1 x 2 all-optical routing |
switching dynamic interconnection is presented with the multiple DPCMs in the

crystal.
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6.2 All-Optical Switching Dynamic Interconnection in a
Cu:KNSBN Crystal

Double phase-conjugate mirror is four-wave mixing device, which was first
reported by Weiss and co-workers in a BaTiO; crystal.*® Using a CuKNSBN crystal,
a highly efficient modified-bridge double phase-conjugate mirror® has been formed
as described in chapter 3. The DPCM is formed from the transmissiqn grating of
four-wave mixing. As described in chapter 3, in the DPCM the high diffraction
efficiency of four-wave mixing and the low light losses, including absorption and
scattering loss inside the crystal, and specular reflection loss on the surfaces of the
crystal, result in a very high phase-conjugate transmissivity under the Brewster angle
incidence.

Here we employ this geometry to form two DPCMs in a Cu:KNSBN crystal (6
mm x 6 mm x 6 mm). We propose the arrangement of the switching dynamic
interconnection using the two DPCMs (DPCM1 and DPCM2) and a partial
reflection mirror M, as shown in Fig. 6.1. In our experiments the light source is an
argon-ion laser at A = 514.5 nm. All light beams are extraordinary polarized and
mufually incoherent. The beam diameters are 1.6 mm. Beams 1 and 2,> with
intensities I, and I, are two interconnected light beams. Beam 1;, with intensity I;, is
the control beam of the dynamic optical interconnection. Beam 1;,, with intensity I,
is the transmission beam of the control beam 1; through the partial reflection mirror.
Beams 1 and 1;, are arranged under the same geometric conditions as described in
chapter 3, where DPCM1 can be efficiently formed. Under the incidence of beams 1
and 2, when control beam 1; is input, that is, beam 1, is incident on the crystal, |
DPCM]1 is formed. Simultaneously, the resulting phase-conjugate beam 1,,* of beam

1, is reflected by the partial reflection mirror M. The reflected beam 1, of beam 1;,*
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DPCM2 T

Cu:KNSBN

Fig. 6.1. Schematic of the switching dynamic interconnection by using two

DPCMs in a Cu:KNSBN crystal, and a partial reflection mirror M.
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is in the direction (at the reflection angle 8) that forms DPCM2 with beam 2. When
DPCM?2 is formed, the reflected beam 1,, with intensity I, is diffracted by the
transmission grating of DPCM2 to form phase-conjugate beam 2* (intensity I,.) of
beam 2. Thus, by diffraction due to DPCM1, the reflection from the partial reflection
mirror, and the diffraction due to DPCM2, the light of beam 1 is transformed into
the phase-conjugate beam 2* of beam 2, which dynamically retraces beam 2.
Meanwhile, by diffraction due to DPCM2, the reflection from the partial reflection
mirror, and the diffraction due to DPCM1, the light of beam 2 is transformed into a
part of phase-conjugate beam 1* (intensity /;.) of beam 1, which dynamically
retraces beam 1. Thus beams 1 and 2 are bidirectionally interconnected. The

interconnecting efficiency is

n=1RT, 6D

where T, and 7, are the phase-conjugate transmissivities of DPCM1 and DPCM2.

According to the description in chapter 3, the transmissivities of DPCMs are given

by
Il* Il*
= %T|=_________111 .2
Ti Iin 1 Il H (6 )
and
I2* Il*
=22 L)'= 2 ,
BT TR @
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/Crystal \

Fig. 6.3." Schematic of the double-color pumped phase-conjugate mirror with two
incident beams 1 and 1;, of different wavelengths A and A'. Beams 1;,* and 1;,' are the
generated phase-conjugate beams, respectively. 0 is the shift angle between the

incident beam and the generated phase-conjugate beam.
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R is the reflectivity of the partial reflection mirror M. It can be seen that the
interconnecting efficiency is directly proportional to the phase-conjugate
transmissivities of the DPCMs and the reflectivity of the partial reflection mirror M.
However, if the reflectivity of the partial reflection mirror M is too high, the loss of
the control light is too large. Here we use a partial reflection mirror with reflectivity
R = 50%. In this experiment the powers of beams 1;, 1 and 2 are [;; = 5 mW, [, = 4.1
mW and 7, = 2.8 mW, respectively. The reflection angle 0 is about 0.8°. The distance
between the crystal and the mirror M is 13 cm. The measured phase-conjugate
transmissivities of DPCM1 and DPCM2 are about 68% and 40%, respectively. The
observed interconnecting efficiency is about 14%. When control beam 1; is shut off,
the DPCMs cannot be formed continuously, because the only the phase-conjugate
light beam 1,* cannot support the formation of DPCM1. Thus, the interconnection
enters the OFF state. Figure 6.2 shows the experimental result for the switching
dynamic interconnection. When control beam 1; is switched on, that is, beam 1;, ( 4,
= 2.5 mW) is incident on the crystal, beams 1* and 2* are produced, and
dynamically retrace beams 1 and 2,> after the DPCMs are formed. When control
beam 1, is switched off, the interconnection enters the OFF state after the decay time
of the DPCMs. This experimental result shows the achievement of an all-optical
switching dynamic interconnection for the ON-OFF transition. The ON-OFF states
of the dynamic interconnection are dominated by the control beam with a very low
power compared with other all-optical switching devices. In the experiment, some
light of beam 1* is transformed from control beam 1;. If the wavelength of the light
of the control beam is shifted (several nanometres), in beam 1*, light beam 1,
transformed from control beam 1; can produce an angle shift beyond the path of
beam 1,'* as shown in Fig. 6.3, or be cut using a cut filter, when the light of the

control beam must be prevented from entering the pass of beam 1*.
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6.3 All-Optical Routing Switching Dynamic Interconnection

Based on the above principle and experiment result, we can expect to form an
all-optical routing switching dynamic interconnection. In the switching
interconnection, when the control beam of a different direction (y-direction) is
introduced, the generated phase-conjugate beam is reflected by the mirror M toward
a different direction and connects with a different light beam. Figure 6.4 shows the
experimental arrangement of 1 x 2 routing switching dynamic interconnection. The
incident positions of two beams 1;, (I;;, = 9 mW) and 2;, (/zi, = 14.9 mW) (the powers
of control beams 1, and 2; are 18 mW and 29.8 mW) are arranged at the same point
on the crystal, where DPCM1 can be formed with beam 1. We perform the routing
switching dynamic optical intercohnections of beam 1 (I; = 20 mW) to beams 2 (I, =
8.6 mW) and 3 (I; = 9.4 mW). When DPCM1 is formed with control beam 1;, the
resulting phase-conjugate beam 1,,* is reflected by mirror M (reflection angle 6, =
0.4°) to form DPCM2 with beam 2. Thus, as described above paragraph, beams 1
and 2 are bidirectionally interconnected. When control beam 2; is introduced after
turning off control beam 1;, the resulting phase-conjugate beam 2;,* is reflected
toward the crystal by mirror M and forms the DPCM3 with beam 3 (reflection angle
0, = 0.9°). In the same manner as described above, the interconnection between
beams 1 and 3 is completed. Thus, all-optical routing switching dynamic
interconnections of multiple beams are achieved. The experimental results are shown
in Fig. 6.5. The dynamic interconnections of the multiple light beams are switched
by inputting different control beams, 1; and 2. The interconnecting efficiencies of
about 15% and 24% between beams 1 to 2 and 1 to 3, respectively, were observed.
This is the first successful achievement of the routing switching dynamic

interconnections to our knowledge. The routing switching dynamic interconnection
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Fig. 6.6. Schematic of 1 x n routing switching dynamic interconnection with more

DPCMs.
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device can be used for waveguide-to-waveguide, fiber-to-fiber, light source-to-
WaVeguide, message-bearing beam-to-detector, and laser-to-laser connections.

In our experiment, the switching time of the dynamic interconnection is decided
by the formation and decay time of the DPCMs. On comparing the experimental
results of the switching dynamic interconnection and the routing switching dynamic
interconnection (Fig. 6.2 and Fig. 6.5), we can see that the response time in Fig. 6.5
is faster than that in Fig. 6.2. We believe that there are two aspects contributing to
the fast response of the routing switching dynamic interconnection. First, the
incident power is higher in Fig. 6.5. Second, the two sets of overlapped gratings of
beams 1;, to 1 and 2;, to 1 enhance the response speeds to each other in alternate
formation and decay of the DPCMs. In another aspect, if the light densities of the
incident beams are sufficiently increased, or a photorefractive crystal (such as
BaTiO,;) with fast response is used, the response time of the dynamic
interconnections of the multiple light beams can be as fast as the order of second.
Otherwise, when cylindrical lenses are used to decrease the incident beam diameters
in the y-direction, the routing switching dynamic interconnections having more

beams with more DPCMs can be formed, as shown in Fig. 6.6.

6.4 Summary

In conclusion, we have demonstrated an all-optical switching dynamic
interconnection and an all-optical routing switching dynamic interconnection with
multiple double phase-conjugate mirrors in a Cu:KNSBN crystal, and a partial
reﬂection mirror. The dynamic interconnection is dominated by a control beam with
a very low power (milliwatt order). The dynamic interconnections are also switched

by inputting the different control beam. 1 x 2 all-optical routing switching dynamic
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interconnection has been formed. The observed interconnecting efficiency is high.
This is the first successful achievement of a switching dynamic interconnection and

an all-optical routing switching dynamic interconnection to our knowledge.
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Chapter 7

Conclusion

The stable self-pump phase-conjugate mirror (SPPCM) and the high-
performance double phase-conjugate mirrors (DPCMs) in Cu:KNSBN crystals have
been studied in detail. A new type of multiple phase-conjugate mirror has been
formed, which has been used to achieve the real-time orthoscopic projection of a
three-dimensional object. A routing switching dynamic interconnection has been
also presented. In the last chapter, a sﬁmmary of the thesis and some suggestions to

-

further study are given.

7.1 Summary

In ‘this thesis, the high-performance phase-conjugate mirrors (PCMs) and
applications of PCMs have been studied. In chapter 1, an introduction on optical
phase conjugation and the outline of the thesis have been given.

In chapter 2, a theory of two-wave mixing has been described, which have been
used to explain the self-generated fanning effect in a SPPCM. The dynamic

instability in the SPPCM has been further investigated. The dynamic instability
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originating from the competition between the self-generated fanning effect and
SPPCM formation has been analyzed and proved. The theory and experiment results
show that the self-generated fanning effect in a photorefractive crystal can be
decreased by the ordinary-polarized component of a partially extraordinary-polarized
incident light beam. The dynamic instability of the SPPCM can be eliminated by
restraining the self-generated fanning effect.

In order to reveal the performance of DPCM, a theory of four-wave mixing for
a DPCM has been given in chapter 3. It is shown that the large coupling strength
corresponds to high phase-conjugate efficiency. How to form a high—perfofmance
DPCM has been demonstrated in a Cu:KNSBN photorefractive crystal. Based on the
high diffraction efficiency of four-wave mixing and the low light losses including
absorption and scattering loss inside the crystal, and specular reflection loss on the
surfaces of the crystal, a high-performance modified-bridge DPCM hés been formed
with a low incident power (milliwatt order) in a Cu:KNSBN crystal. A phase-
conjugate transmissivity as high as 63% with 97% relative stability has been
observed in Brewster angle incidence. The efficiency of the modifield-bridge DPCM
is the highest value in the reported DPCMs to our knowledge.

In chapter 4, two kinds of bridge DPCMs with the symmetrical geometry and
asymmetrical geometry have been formed in Cu:KNSBN crystals. These
Cu:KNSBN bridge DPCMs have high efficiencies. For the crystals with different
absorption coefficients, the optimum incident geometries of forming DPCM are
different. The crystal having a large absorption coefficient is suitable for forming the
symmetrical-bridge DPCM. The crystal having a small absorption coefficient is
suitable for forming the asymmetrical-bridge DPCM. Even if at very low incident
power, these bridge DPCMs still have high efficiencies.

In chapter 5, a new type of multiple phase-conjugate mirror consisting of two
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- PCMs, which performs two phase-conjugate operations on the incident light wave,
has been demonstrated in a Cu:KNSBN crystal. The stable phase-conjugate light
output has been produced by use of the suitable incident geometry (a SPPCM and a
bridge DPCM) with the optimum incident conditions. A phase-conjugate reflectivity
as high as 105% has been measured. A good fidelity of phase-conjugate image has
been observed. Moreover, under two phase-conjugate operations on the image-
bearing light wave, the real-time orthoscopic projection of a three-dimensional
object has been achieved using the high-efficiency multiple PCM.

Another exciting application of PCM has been presented in chapter 6. An all-
optical switching dynamic interconnection has been demonstrated using the
arrangements of the multiple DPCMs in a Cu:KNSBN crystal, and a partial
reflection mirror. The transition of the ON and ’OFF states for dynamic
interconnection between the two light beams is dominated by a control beam with a
very low power (milliwatt order). Further, an all-optical routing switching dynamic
interconnection has been successfully realized. The routing dynamic

interconnections are switched via the incidence of the different control beams.

7.2 Suggestions

This thesis has studied the stability of the SPPCM, the DPCMs, and some
applications of the PCMs in Cu:KNSBN crystals. Many important and interesting
results have been obtained. However, there are still some interesting subjects that
require to be further studied.

We have successfully achieved 1 x 2 routing switching dynamic
interconnection. If cylindrical lenses are used to decrease the incident beam

diameters, the switching dynamic interconnections having more beams with more
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DPCMs can be formed. Meanwhile the response speed can be greatly enhanced
because the light density is increased. If the partial reflection mirror is directly
coated onto the surface of the crystal, the device will be compact. This is a very
interesting and important study subject. The routing switching dynamic
interconnection device can be applied in the interconnection of waveguide-to-
waveguide, fiber-to-fiber, light source-to- waveguide, and so on. In another aspect,
the study of dynamic optical memory is interesting using multiple DPCMs in a
photorefractive crystal. Finally, it is considered that these high-performance PCMs

can be also used in many other practical applications.
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