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Preface

The purpose of this effort was to determine the practical limits within which
two-beam coupling in Barium Titanate could be used as an optical amplifier. A
significant amount of work had already been performed in understanding the two-
beam gain process to the point of being able to characterize a particular crystal. Very
little had been done, however, with analyzing the amplified noise process (commonly
known as beam fanning) and trying to control its level. The optimization of the
optical amplifier is the result of trading off gain and dynamic range, with the latter
parameter determined by the saturated output level and the amplified noise. This
dissertation provides a guide for performing this optimization and analyzing the

resulting performance.

In developing the theory and performing the experiments I have had a great
deal of help from others. I am deeply indebted to my faculty advisor, Major Steven
K. Rogers, for his continous positive support both academically and by allowing some
of his best Masters students to work with me. These students, Capt Jeflery Wilson,
Capt Kenneth Keppler, and Capt Thomas Burns, provided invaluable support by
assembling experiments and critiquing my sometimes not too clear explanations on
how things work. A special word of thanks is owed to the management and my fellow
workers in the Avionics Laboratory, since without their help and support, this work
would have never been completed. Finally, I wish to thank my wife Donna and three
sons, Chris, Jim, and Andy, for their understanding for all of those lost hours we

could have had together.

George A. Vogel
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Abstract

The introduction of two-beam coupling in photorefractive materials has re-
sulted in an extensive amount of research into applications ranging from optical
processing/computing to image amplification. This dissertation develops the theo-
retical equations for two-beam coupling in BaTiO;. These equations, combined with
the analysis of crystal performance, are applied to develop a specification which

optimizes BaTiO; as an optical amplifier.

Theory predicts that, under the proper conditions, optical gains of 10'* are
possible for nominally sized crystals of BaTiO;3. In practice, however, these gains
are never realized due to the loss of gain to the amplification of parasitic light (beam
fanning). The primary source of this parasitic light has been found to be the scat-
tering of the pump beam from imperfections on both the crystal face and within the
crystal. Through the analysis of signal and noise amplification as functions of pump
and signal beam angles relative to the crystal c-axis, an optimum pump angle is
defined which maximizes signal gain and minimizes the energy lost to beam fanning.
The determination of an optimum gain is based upon a desired dynamic range and

the crystal scattering characteristics.

A potential application for the BaTiO; optical amplifier is investigated by
placing it into a confocal Fabry-Perot interferometer feedback system. With the
control of mirror spacing to create destructive interferrence between the feedback and
input signal the system becomes an amplifier with negative feedback. Applications

for such a system include image restoration, linear amplification, and image filtering.

viil




CHARACTERIZATION OF BARIUM TITANATE
AS AN OPTICAL AMPLIFER

I. Introduction

1.1 Background

Advances in the field of optical processing will be accelerated by the develop-
ment of a high gain coherent amplifier for images of large space-bandwidth product
and wide dynamic range. For good quality image amplification, the gain must be
constant within a tolerable range with respect to the spatial frequency content and
dynamic range of the image [8]. The primary use of an optical amplifier would be
to optically interconnect stages in an optical processing scheme. Since each stage
tends to introduce losses through absorption and diffraction, it is necessary to make
up for these losses before going to the next stage. Another feature which would be
desirable, although not necessary for many applications, is that the optical ampli-
fier’s output be coherent with respect to its input. With this feature it would be
possible to use the optical amplifier with coherent feedback in a manner similar to

the electrical operational amplifier (op amp).

The concept of the optical op amp was first introduced by the Soviets [17].
The development of a practical optical op amp could have the same impact upon
optical processing as the electrical op amp had upon analog computing. Exam-
ples of simple applications for an optical op amp with negative feedback include;
a linear image amplifier, an image integrator, an inverse optical transform, and an
n by n array of parallel light amplifiers. Two or more of these applications could
be connected together in a building block fashion to create even more complex ap-

plications. Furthermore, these connections could be made directly, without going
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through electrical amplifiers, eliminating the bottle neck for most current optical
processing approaches. In the Soviet work a number of conceptual designs are intro-
duced which incorporate the PROM (Pockels readout optical mcdulator) as an op
amp [21]. With the PROM a small light intensity can be used to control a large light
intensity, resulting in a light amplifier. The various designs are limited, however, in
that only positive feedback can be implemented. This occurs since the feedback is

light intensity and intensity is always positive.

The laser amplifier might appear to be a good candidate for an optical amplifier.
Some laser gain media have very high gains and are capable of producing relatively
high powers with little input power. Their problem is the inability to create a useful
negative feedback. Any attempt to feed back a portion of the amplifier cutput
results in positive feedback at one or more optical frequencies. This is how the laser
resonator works and is equivalent to an electric oscillator. The problem of creating a
stable laser amplifier with negative feedback is tied to the speed of the amplification
process and its optical bandwidth. In order to subtract light, the light beams must
be coherent and 180 degrees out of phase. The gain process is so fast that the
feedback signal cannot cancel/suppress the input signal before the output saturates.
In other words, the optical wave is amplified in the time of the first pass through
the amplifier but the feedback wave will take at least the time of one round trip, too

late to affect the input.

Another optical process which might be exploited as an optical amplifier is
two-beam coupling in photorefractive crystals. There has already been an exten-
sive amount of work in this area due to the need for a light amplifier in optical
processing and computing applications [33]. Two-beam coupling occurs when two
coherent waves enter an electro-optic crystal and interfere with each other. Under
illumination, charges are freed from the crystal lattice based upon intensity and re-
distributed through diffusion. The redistribution of charges causes an electro-static

field to form, which in turn, modulates the index of refraction of the crystal through
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the linear electro-optic (Pockel’s) effect. The two interfering beams thus form a real
time volume hologram in the crystal. Depending upon the particular crystal, energy
from one of the beams can be diffracted into the direction of the other and, in effect,

amplify the second beam.

One material which has received the most attention and appears to be very
promising for two-beam coupling is BaTiO;. This material has been shown to have
gains in excess of 4,000 (8] and is very srrsitive at reasonable light intensities. The
holographic grating process is very sl ~ to build up to the high gain condition thus
giving the crystal an effective bandwidth of only a few Hertz. With this extremely
narrow bandwidth it should be possible to provide a stable negative feedback by
keeping the feedback optical wave 180° out of phase with respect to the input and
producing destructive interference. The narrow bandwidth is required so that the
gain region can be kept between the longitudinal modes of the mirror feedback sys-
tem. Research has already been performed using positive coherent optical feedback
and two-wave mixing in BaTiO; to perform matrix inversions [22]. Research is still
ongoing to fully explain the physical processes which occur in BaTiO; so that its

characteristics can be further improved [6, 16, 25).

1.2 Problem Statement

There is a requirement for a coherent optical amplifier in most optical process-
ing designs. The amplifier must have high gain and low noise to give good dynamic
range performance. Amplification time must be fast enough to compete with alter-
native electrical processing techniques and have good resolution to take advantage of
the high information density capabilities at optical wavelengths. The process which
appears most promising to create the light amplifier effect is two-wave mixing in
photorefractive materials. The most promising photorefractive materi-1 is currently
BaTiO;. This dissertation will analyze in detail the capabilities and limitations of

two-wave mixing in BaTi0O; as an optical amplifier. Theory will be combined with
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experimental data to characterize crystal gain, dynamic range, speed, and stability.
A potential application for the BaTiO; optical amplifier will be investigated using

coherent optical feedback to create a linear optical amplifier.

1.8 Sequence of Presentation

The theory of iwo-wave mixing in photorefractive materials will first be pre-
sented in Chapter II, with the purpose of developing a complete set of equations that
can be used to describe BaTiog. These equations will then be simplified and used in
Chapter III to characterize, through measurements, a typical BaTiO; crystal. The
emphasis here will be on measuring basic optical amplifier characteristics including
gain, dynamic range, resolution, speed, and stability. Experiments for each charac-
teristic will be described and the resulting data presented. Finally in Chapter IV,
the BaTiO; optical amplifier will be placed inside a confocal Fabry Perot resonator
configuration to investigate its usefulness with coherent optical feedback. Chapter
V will contain the conclusions and recommendations of this dissertation, summarize
the important results and propose a crystal design which will result in an optimized

optical amplifier.
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II. Theory

2.1 Introduction

This chapter develops the theory and equations that will be used throughout
this dissertation. First the wave equations will be defined to describe the input and
output waves in terms of their optical field intensities as they propagate through the
crystal. Current knowledge of photorefractive crystals will be presented with the
equations which show how the input optical beams create index gratings within the
crystal. Both sets of equations will then be combined to produce the photorefractive
beam coupling equations which will show how the index grating affects the two
optical waves. These equations will be unique from those found in the literature in
that the directional relationships between all of the parameters are maintained and
there are no geometry assumptions buried n the derivation. The characteristics of
BaTiO; will then be used in the photorefractive beam coupling equations to develop

a set of equations which are specific to BaTiO;.

2.2 Wave Equations

Referring to Figure 2.1, consider the intersection of two polarized beams of
coherent light inside a photorefractive crystal. The electric field of the pump (E,)

and signal (E,) beams can be written as,
E, = E e e krT-wrt) 4 cc. (2.1)
E, = E,e,e~keT-wt) | ¢ ¢ (2.2)

where E, and E, are the optical electric field amplitudes, e, and e, are the polariza-
tion unit vectors, k, and k, are the wave vectors of the beams, and c.c. represents

the complex conjugate.

The optical equations which explain how these waves are affected by the crys-

tal can be simplified using a development similar to Yarev and Yeh [31] in their
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Photorefractive Crystal

Figure 2.1. Optical Beam and Crystal Geometry

coupled-mode analysis of wave propagation in anisotropic media. The propagation
of electromagnetic radiation in anisotropic media can be described in terms of nor-
mal modes of propagation. These normal modes have well-defined polarization states
and phase velocities, and are obtained by diagonalizing the transverse impermeabil-
ity tensor. Any wave propagation in an anisotropic medium can be decomposed into
a linear combination of these normal modes with constant amplitudes. The normal
modes of propagation in uniaxial crystals, such as BaTiOj3, consist of an ordinary
wave and an extraordinary wave. The electric field vector E, (and the displacement
vector D, = €E,) for the ordinary wave is always perpendicular to both the c-axis
and the propagation vector k,, where € is the dielectric permittivity tensor. The
phase velocity for the ordinary wave is always the speed of light divided by the or-
dinary index of refraction (c/n,), regardless of the direction of propagation. The

displacement vector D, of the extraordinary wave, is perpendicular to the propa-




gation vector, as is the electric field vector E, of the ordinary wave. The electric
field vector E, of the extraordinary wave, however, is in general not perpendicular
to the propagation vector. It lies in the plane formed by the propagation vector and
the displacement vector. The electric field vectors of these two waves are mutually
orthogonal. The general equation for the optical waves in the medium can be written
as,

EuPl = Ep +E, = Enepe—'(kp'r_‘pl) + Esese_i(k"r—w") + c.c. (2'3)

where the pump and signal polarizations are taken to be both ordinary or extraor-
dinary. If a more general condition is required, the polarizations can be decomposed
into their ordinary and extraordinary components (the normal modes) and treated

in the same manner as below.

In the event that there is an external (or internal) perturbation such as stress,
magnetic field, electric field, or even the presence of optical activity, the dielectric

permittivity tensor in the presence of the perturbation can be written

=
€

mil

=€ +40 (2.4)

where €, is the unperturbed part and A€ is the change in the dielectric permittivity

tensor due to the perturbation.

For this development it is advantageous to describe the wave propagation in
terms of a linear combination of the unperturbed normal modes, especially when the

perturbation is small (i.e., A€ < €.). The mode amplitudes E, and E, are no longer

~i(kp T —wpt) Ko T-wat)

constants, because e,e and e, e are in general, not the normal
modes in the presence of the perturbation A\é. The total field can thus be expressed
as

Eop(r,t) = Ey(r)e e ®» T 4 E (r)e,e”*®T-wnt) 4 ¢ (2.5)

Since e, e,, k,, and k, are known from the solution of the unperturbed case (i.e.,

A€ = 0), the field E,, is uniquely specified if E,(r) and E,(r) are given. The r
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dependence of E, and E, is due to the presence of the dielectric perturbation Ae.

The differential equations for the mode amplitudes can now be derived.

The equation governing the propagation of the optical waves through the crys-

tal is given by the wave equation
V2Ep — wip(e, + DE,, =0 (2.6)

It 1s assumed here that the medium is homogeneous and the field vectors are plane
waves. The more general condition of nonplanar waves can be solved from these
equations by treating the more complex waves as the sum of a set of planar waves.
This approximation is valid as long as the waves have low amplitudes and create
only small perturbations to the system. The longitudinal components of the electric

field have been ignored by assuming that k,-e, ~ k, - e, ~ 0.

Substituting Equation 2.3 for E,, in Equation 2.6 and assuming e,e*(k»T-wpt)
and e,e '(k-T-w:t) gare eigenmodes of the unperturbed medium,
OE - :
[—2ik, =52 + W pAEE, e e krtowpt)
9¢,
OE, -
+[— 2k, + W pAEE,|e e keCmwt) — (2.7)

9,

where (k,> — w,’ué,)E, = (k,° — w,2ué,)E, = 0. Since the waves are propagating
in the k, and k, directions, the differential operator V- has been replaced by kpa—'z—

and k,a%' respectively, where { is the distance along the direction of propagation
(i-e., {, = k,-r and ¢, = k, - r). It has also been assumed that E, and E, are slowly

varying functions of r, so that (%&) < k,,%%f and (%) < k,%:.

Equation 2.7 shows how the amplitudes of the pump and signal optical waves
are affected by the perturbation in the dielectric permittivity tensor. If A& was
equal to zero, then the two waves would be independent and they would propagate
through the medium with their amplitudes unchanged. The next section will derive
an expression for A¢ and show how it couples the pump and signal beams so that

one beam will increase in amplitude at the expense of the other.
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2.8 Photorefractive Theory

The photorefractive effect is a phenomenon in which the local index of refrac-
tion is changed by a spatial variation of the light intensity. Such an effect was first
reported in 1966 [2]. The spatial index variation leads to distortion of the wave-
front and has been since observed in many electro-optic crystals including LiNbO,,
BaTiO;, SBN, BSO, BGO, GaAs, InP, etc. The process has been described by
numerous authors [10, 12, 18, 19, 29] and can be summarized as follows. It is gen-
erally believed that the photorefractive effect arises from optically generated charge
carriers that migrate when the crystal is exposed to a spatially varying pattern of
illumination with photons having sufficient energy. Migration of charge carriers due
to drift or diffusion produces a space-charge separation, which then gives rise to a
space-charge field. Such a field induces a refractive index change via the Pockels
effect. This process is shown in Figure 2.2. Notice from this simple diagram that
the phase of the index grating is in general out of phase with respect to the intensity
grating. This phase shift will eventually determine how the two optical waves are

coupled.

Although there are several models for the photorefractive effect, [10, 12, 18,
19, 29] the Kukhtarev - Vinetskit solid state model is the most widely accepted one.
In this model photorefractive materials are assumed to contain donor and acceptor
traps that arise from imperfections in the crystal. These traps create intermediate
electronic energy states in the bandgap of the insulators. When photons with suffi-
cient energy are present, electronic transitions due to photoexcitation take place. As
a result of the transitions, charge carriers are excited into the conduction band and
the ionized donors become empty trap sites. The response of the photorefractive
medium to the incident light may be described by the charge transport equations of

Kukhtarev et al [18].




(a) Intensity
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Figure 2.2. Charge and Index Distribution in the Crystal

dNp*
ot

= (.SI + ﬁT)(ND - ND+) - ‘7RNND+

j=euNE — kgTuVN + plé

. 0 0
V-_]=e(5£ND+ - EN)

V. (G,E) = 41re(N_4 + N - ND+)

(2.8)

(2.9)

(2.10)

(2.11)

Equation 2.8 represents the effective rate in which the donors are ionized and

is a function of the carrier generation and recombination rates. The rate of carrier
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generation is (8] + 87)(Np — Np*) in which s is the cross section of photoionization,
I is the light intensity, 87 is the rate of thermal generation, Np is the concentration
of donors and Nj,* is the concentration of ionized traps. The rate of recombination,
or trap capture, is YR NNyt in which 4 is the carrier-ionized trap recombination

rate and NV is the concentration of the carriers.

Equation 2.9 represents the crystal current density (j) resulting from drift,
diffusion, and photovoltaic effects. The drift current is eu NE in which e is the
electronic charge, p is the mobility and E = E,, + E,. is the sum of the applied and
space charge fields respectively. The diffusion current is given by ~kgTuV N in which
kg is Boltzmann’s constant and 7 is the absolute temperature. The photovoltaic
current is p/¢ in which p is the photovoltaic constant and € is a unit vector along

the c-axis of the crystal.

Equation 2.10 and Equation 2.11 represent the Continuity and Poisson’s equa-
tions respectively. Equation 2.10 simply states that the difference between the rate
in which carriers enter a region and the rate in which they leave it is equal to the rate
of charge creation/destruction inside the region. Equation 2.11 is used to describe
how the space charge electric field is created based upon the total charge density
distribution. In this equation ¢, is the static dielectric constant and N, is the num-
ber density of negatively charged ions that compensate for the charge of N;,* in the

dark.

Following the development by Valley [27], the solution for Equations 2.7 - 2.11
is most easily performed by solving Equations 2.8 - 2.11 for E,. using the optical
field given by Equation 2.5. An expression for the perturbation in the dielectric per-
mittivity tensor in terms of the space charge field is then found so that Equation 2.7

can be solved.

First eliminate N, and N from Equations 2.8 and 2.11 to obtain,

0
v. a(e,E) = —47V .j (2.12)

27




This was accomplished by differentiating Equation 2.11 with respect of time and

assuming that N, is effectively constant. Equation 2.12 may be integrated to give,

OE .
€= = —4mj+ 4nd (2.13)
ot
where 4xJ is the integration constant. | J | Ag ecrrope i1s the current in the

external circuit that would be used to apply the external field E, to the crystal
over the electrode area Ap pcTrope. Next, both N, and j may be eliminated from

Equations 2.8 - 2.11 and 2.13 to obtain {20],

e,aa—? = —4n(euNE — kyTuV N + plé) + 4nJ (2.14)
a—N—(ﬂ- INNp + (Br + sI + N)(iV E-N-N
5 = (Br+sI)Np 7 NN )
1
— =~V . (epNE — kyTuVN + pl¢) (2.15)
e

The optical waves generate an interference pattern inside the crystal propor-

tional to,

E.E,

p

.= E2 + E? + {E,E,(e, - ,)ezp[—i(ky - T — Awt)] + c.c.} (2.16)

where k, = k, — k,, is the grating wave vector and Aw = w, — w), is the difference in

the signal and pump optical frequencies.

Since the rate of carrier generation and the resulting number of carriers is

dependent upon the light intensity as shown in Equation 2.15 and the intensity is

proportional to E,, E;

it is reasonable to assume that Equations 2.14 and 2.15 can

be solved by letting N and E take the form,
N = N, + N(r)expli(k, - r — kgvt)] + N_,(r)ezp|—i(k, - r — k,vt)] (2.17)

E = E, + E (r)ezpli(k, - r — kgvt)] + E_ (r)ezp[—i(k, - r — k,vt)] (2.18)

where v = Aw/k, is the velocity of the moving grating in the crystal resulting from

w, and w, being slightly different optical frequencies. Equations 2.17 and 2.18 assume
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that the alternating components are small perturbations and that the higher-order
Bragg components can be neglected. The a.c. component of the electric field shown
in Equation 2.18 is the space charge field that will result from the redistribution of

charges.

Substitution of Equations 2.5, 2.17 and 2.18 into Equations 2.14 and 2.15

yields,

— tkyve,E| = —4w(epN\E, + epN\E, — ikyTuN kg + paE E,(e, - e,)¢) (2.19)

—ikg‘UN] =
1€,
anaE,,E,(e,, . e,) + (ﬁ + SIU -+ 7RN“)(Z;;’CSIE| - NI)
k - : -
- t—s[e,uE“E, + epN(E, - k,) — tkgTukyN, + paE E (e, - e,)(k, - ¢)]
+ (saE,E,(e, - €,) + yrN )(—Nuo — Ny) (2.20)
(ﬂ'p + 81(,)(N1) - N‘A; - Nu) + 7]((N.~t + NU)NU = 0, (221)

where I, is the average optical intensity and Rg is a unit vector in the k, direc-
tion. Equation 2.21 was obtained by retaining the real, first-order components from
Equation 2.15. For irradiances typical of cw laboratory experiments (N, < N, and
Ny < Np =N, ), _

N, = (ﬂ? + 810)(N1) - N.4)/7RNA (2-22)

Also, the parameter a relates the optical field to the intensity:
a = cny/4n (2.23)

Iy = a(l E, |2 + | E, |1) (2'24)

where c is the speed of light and n, is the background refractive index.
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Elimination of N, in favor of E, yields

{[mikgo + (2) 4 () + (2 )(Bo - k) + (2 )l[—ikyy + (2 )]E,
Ty TR TE ™ Tds

() - (DM + (N E -

1 E,E,(e,-e,)
TaiTr | E, >+ | E, ?

—(Eo ~ 1Epk,) (2.25)

where:
T4, = €,/(4mepN,), dielectric relaxation time;
. = 1/(kguEy), drift time;
1 = e/(ukpTk,?), diffusion time;
h = 1/(yrN4), electron recombination time;

7 = 1/(Br+8ly+2yrNy), inverse sum of thermal production, photo production

and twice ion recombination rates;

1y = 1/(Br + s8Iy +vyrNy), inverse sum of thermal production, photo production

and ion recombination rates;
Ep = kgTk,/e, field set up due to carrier diffusion.

Equation 2.25 reflects the assumption that conditions for Equation 2.22 hold
and that the photovoltaic contribution can be ignored. I:DU and E, are unit vectors in
the E, and E, directions respectively. This equation is unique in that it retains the
vectorial relataionships between the grating and the external electric field. From this
equation it can be shown that in the absence of an external electric field, or when
this field is applied in a direction parallel to the grating vector, the space charge
field will be in the direction of the grating vector. If E, is not parallel to k, then
2.26 would have to be solved by resolving the equation into components parallel and
perpendicular to the grating vector and solving for E, and its vector direction, E,,
simultaneously. To keep these equations as simple as possible, E,, will be required to

be parallel to the grating vector k,. With this simplification, the vectorial portions
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of Equation 2.25 can be made scalar for the following derivation and will give results

which agree with Valley {27].

For typical irradiances, 1/, is much smaller than 1/7; and typical frequency
shifts k,v are of the order of a few hertz, whereas 7 is typically less than 10usec so

that k,v < 7!, Using these approximations in Equation 2.25 yields,

(A+ Bu)E, = —(Eu— iEp)E,Ei(e, e)/(| E, [* + | E. ') (2.26)

E_] = El- (2.27)
Wheu::
E[) iEu
A= 14—+ —,
+ E, * .
B = Lo_ima_iEp
Eq kP Eq
u = kyur,,
BNAQ N,]
E, = -2
¢ EUfskg Nl)

Solving Equation 2.26 for E, and rationalizing the denominator results in,

E,E (e, e,)

E, = g(uv)E, T (2.28)
0
where,
()—_{%’L(%ﬁ;*%f; + e} +i(fe + B+ B 4 B (2.29)
aw= 1+ -f-‘lu]2+[-ﬂ——;‘;u Loy '

This equation is unique to this dissertation in that it breaks out and defines g(u) as
a unitless expression containing most of the photorefractive crystal material charac-
teristics, the external electric field, and the factor u which varies with the difference

between the pump and signal optical frequencies.

Equation 2.28 has been derived showing how the space charge field is related
to the pump and signal beams and their characteristics as well as the photorefrac-
tive material and its characteristics. It is this space charge field which will create
the refractive index grating through the Pockels effect and produce the resulting

photorefractive beam coupling equations discussed in the next section.
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2.4 Photorefractive Beam Coupling

As the pump and signal beams pass through the crystal, their electric field in-
tensities will be coupled through an index grating their mutual interference created.
This relationship has been derived and expressed in Equation 2.7 in terms of a per-
turbation in the dielectric permittivity tensor. The relationship between /A€ and the
space charge field E,. is found by calculating the perturbation to the impermeability
tensor as Ab = R - E, where R is the linear electro-optic tensor. The dielectric
permittivity tensor is found by taking the inverse of the impermeability tensor using
a first order series expansion. The perturbation to the dielectric permittivity tensor
is thus [10]
=—¢.-R-E, & (2.30)

ol

A

where the space charge field was found in the previous section as
E. = Ekge &=k 4 B_ f e!lkor-kam0) (2.31)

The wave equation given by Equation 2.7 can now be used to generate the differential
equations for E, and E, by scalar multiplying by e, and e, and considering only those

waves propagating in the k, and k, directions.

0E, Ww’pe, E,E,(e,-e,)
= ——ResrImig (uv)]EE, —2—L2 1 2.32
an 2kp ! m[g (u)] 9 ,IE,, |2+ I E,q |'Z ( )
OF wiue, E,E,(e,e,)
' = — L R.siImlg(v)|E,E, 2~ = 2.33
aCS Zk, rf f {g( )] q |Ep |2+ | E,, |2 ( )
where R, is the effective electro-optic coefficient and is given by
Ry =e, é. R -k, é.-e,=e,-&.-R-k, -2 e, (2.34)
The solution to Equations 2.32 and 2.33 has been found by Kukhtarev 18]
oI, (1. - 1)
L = -T,—— 2.
an r I(, ( 35)
oI, (I,—1,)
- =Tl,— .
o~ (2.36)
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where T is the exponential gain coefficient,

_ 27(ey,-e,)

r ResrImlg(w)E, (237)

npAy
where A, is the vacuum wavelength of the light.

Equations 2.35 and 2.36 have solutions in the form [18],

I,
L(G) = T T (2.38)
I,
L) = T L’e_m (2.39)
where,
1,(0)
™= 75) (2.40)

is the signal-to-pump ratio with I,(0) and I,(0) defined as the pump and signal

intensities as the beams enter the crystal.

If the crystal absorption coefficient a i< tu t2 s~counted for, the above equations

become [18]

ol, (I, — 1)
=L =TI — —al 2.4
an 7 ‘y“ Qa P ( 1)
or, . (I.—1)
5 =Tl —al, (2.42)
I('e_an
Iue—aca
1,(¢) = I—T_mT_—e—_TC: (2.44)

All of the above equations are for two-beam coupling in steady state. During
grating formation, charge densities are redistributed at a rate determined by the
average charge density and the charge mobility. All of the above equations can be

modified to include time by using the steady state T' to get [24]

Ty(t) = T(1 - e %) (2.45)
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Recall that 74 is the dielectric relaxation time and is inversely proportional to the
charge mobility and the average charge carrier density, which is in turn proportional
to I,. Thus the rate in which the crystal builds a grating is proportional to the total

intensity of the light passing through it.

The pump and signal beam intensities, normalized by I,(0), are plotted in
Figure 2.3 as iunctions of ¢. For this plot a typical I' = 2/mm and m, = 10~
have been czlected. As the signal beam traverses the crystal, its intensity increases
exponentially until it becomes comparable to the pump beam intensity. Beyond
this point ({ = 4mm in the plot) the gain process saturates and the pump beam
intensity begins to decrease, a condition commonly referred to as pump depletion.
Notice that if 7,(0) is increas'ed then I, would saturate for a smaller (. This process
is shown in Figure 2.4 by plotting crystal gain G = I,/1,(0) as a function of input
signal intensity I,(0) for a constant (. This plot represents a typical measurement

made in a two-beam coupling experiment.

The complete set of equations have been defined for understanding the two-
beam coupling process in photorefractive crystals. It should be remembered, how-
ever, that along the way a number of simplifying assumptions have been made which
may not apply to some crystals. The next section further narrows these equations

by applying them to BaTiO;.

2.5 Beam Coupling in BaTiOy

The equation for I given by Equation 2.37 contains all of the critical parameters
required for characterizing the two-beam coupling gain in photorefractive materials
and can now be used to further understand BaTiO3. E, is the saturation electric field
and contains those material parameters which affect the strength of the maximum
space charge electric field for a given set of conditions. The function g(u) is the
normalized gain coefficient as a function of the difference between the pump and

signal optical frequencies and has a maximum of Ep/(Ep + E,) when u = 0 and
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Figure 2.3. Theoretical Pump and Signal Intensities vs Path Length

E, = 0. Both E, and g(u) are functions of the crystal and beam geometries since they
vary with k, and its relationship to the c-axis. The effective electro-optic coefficient
is a very strong function of these geometries and can change significantly for small

changes in the pump and signal beam angles.

Figure 2.5 shows the optical geometrical configuration assumed for this re-
search. The principle coordinate system of the crystal is chosen, thus making the
z-axis paralle] to the crystal c-axis. In general the c-axis is not necessarily parallel
to the face of the crysial. The two beams with unit polarization vectors e, and e,
intersect in the crystal at the angles 6, and 6, from the c-axis. The angle between the
two beams is 20 where § = (6, — 6,)/2. These intersecting beams create an interfer-

ence pattern with grating wavevector k, which is also in the y-z plane. This grating
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Figure 2.4. Theoretical Gain vs Normalized Input Signal Intensity

wavevector creates an angle 3 with respect to the c-axis where 8 = (4, +6,)/2 — 90°.

The dielectric permittivity and contracted electro-optic (Pockels) coefficient

tensors for BaTiO; are given by,

n,2 0 0
&= 0 n2? 0 (2.46)
0 0 =n?
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z = ¢, optic axis

Photorefractive Crystal

Figure 2.5. Optical Geometrical Configuration with Assigned Angles

and
0 0 T13
0 O T13
0 0
R= r33 (2.47)

0 T42 0
Ti2 0 0
0 0 0

respectively. For BaTiO; at A = 514.5 nm, the ordinary and extraordinary indicies
are given by n, = 2.488 and n. = 2.424. The nonzero, linear electro-optic coefficients
are ry3 = 8, 33 = 28, and 7, = 820, in units of 107'2 m/V. The exceptionally large
value of the r; coefficient will yield a high value of R.;; when both beams are

extraordinarily polarized and they interfere to generate a grating with nonzero §.

Equation 2.34 can now be solved in terms of the above geometries. Let ﬁg =

2-17




(0,sin B, cos B) and first solve for the quantity between the unit polarization vectors.

n,'ri3cos B 0 0
Eu ‘ R . k_q ’ Ew = 0 n, ‘rl.'l Cosﬂ n”2n’f’2r"2 Sin ﬁ (2.48)
0 n,,znrzh'z sin 3 nr4rllfi cos ﬂ

When performing this calculation it was necessary to convert from contracted indices

to uncontracted indices as in Yariv |31, pg 222].

Three conditions are now considered in which the input beams have: ordinary
polarization (perpendicular to the plane of intersection and the c-axis), extraordinary
polarization (in the plane of intersection), and orthogonal polarizations ( one beam

ordinary polarization and one beam extraordinary polarization).

Case I: Ordinary polarization,
e, =e,=(1,0,0)
Ress(oy = no'rizcos B (2.49)
Case II: Extraordinary polarization,
e, = (0,cos8,,sinb,)

e, = (0,cos 6,,sin d,)

1
Ry = E{no“rm(cos 20 — cos 28) + 4n,’n.’r, sin? B+ n,'r43(cos 26 + cos 26)} cos B
(2.50)

Case III: One beam ordinary polarization and the other extraordinary polar-
ization,

e, =(1,0,9)
e, = (0,cos6,,sin 8,)

Rejyry=0 (2.51)
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Case III demonstrates that BaTiO; does not exhibit any cross-polarization
two-beam mixing [34, 35] so that each polarization condition can be considered
separately. Case I shows R.;/(,) to be relatively small since it only accesses the
small 7,3 component of the electro-optic tensor. Case II provides the most potential
for getting the largest R, /() by being able to access the large 7, component through
the selection of appropriate 6 and (3 values. The saturation electric field E, is also a
function of beam and crystal geometry through the effective static dielectric constant

¢, of BaTiO;. The static dielectric tensor €, for BaTiO, is given by

e 0 0
&E=10 ¢ 0 (2.52)
0 0 €
in the principle coordinate system with ¢, = ¢, = 3600 and €; = 135 [31]. The value
of €, in the direction of the grating is found by ¢, = ‘g - €, I;:g and results in
e, = € sin’(8) + €3 cos*(B) (2.53)

The exponential gain coeflicient is plotted in Figure 2.6 as a function of 3 and
for various 8’s. A charge density of 2 x 10'®/cm?® was assumed for these calculations.

It is also interesting to note that the diffusion field is found to be
Ep = (1.5 x 10°%/m)sin 6
and the saturation electric field is found to be
E, = (6.1 x 10%°/m)/(e, sin §)

for this charge density. Thus the diffusion field dominates the saturation field if
6 > 9.8° - 2.6° for B = 0° - 45° respectively. From Figure 2.6 it can be seen that
I' is optimized for 3 ~ 45° and 6 =~ 2° - 5° . It is this basic relationship which led
Fainman (8] to recommend the 45°-cut BaTiO; as an optimized optical amplifier.
Although he uses a slightly different set of reference angles, these equations are also

consistent with Valley [28].
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Figure 2.6. Optical Gain Coefficient in BaTiO; as a Function of 3 and 6.

2.6 Summary

This chapter has developed the theoretical equations for optical gain using
two-beam coupling in BaTiO3. These equations will be used in the next chapter to
characterize BaTiO; crystals and to show how input beam angles can be used to con-
trol the amplifier gain and output signal-to-noise. These equations are as general as
possible so that they can include the factors of pump and signal beam polarizations,
optical frequencies, and their angles relative to the crystal c-axis. Also included, but
not used in this dissertation, is the zxternal electric field and its orientation to the
crystal c-axis. All equations developed in this chapter which have explicit angles
are for k,, k,, and the c-axis in the same plane. A simple computer program has

been written around the more general w=ctorial equations to calculate I' for arbitrary

2-20




input beam angles. This program will be used in the next chapter to help explain

the gain realized by randomly scattered pump beam light.
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IIT. Bartum Titanate as an Image Amplifier

8.1 Light Amplifier Concerns

A simple configuration for a coherent light amplifying system is shown in Fig-
ure 3.1. The variables z and y are used here to explicitly show that the fields are
images and that they vary across their respective image planes. Input information in
the form of an image, E,,(z,y), is introduced to the amplifier through input optics
L,,. These input optics are shown here as a simple lens but could be more complex
if modification to the input is desired to optimize the amplifier performance. The
light amplifier, LA, is shown as a simple cube and could be placed in the image or
Fourier planes of the optics. Since it is assumed the amplifier is using two-beam cou-
pling as the gain process, a pump beam, I, is also shown. Practical considerations
must be made to introduce the pump without interfering with the input image. The
output optics, L,,,, like the input optics, could be more complex than the simple
lens shown. These optics are required to present the amplified image to a readout
device or another optical processing or amplifier stage. Depending upon the gain
of the light amplifier and the coherence of its output, the output image can be fed
back and combined coherently with the input image to perform additional optical

processing applications.

Equation 3.1 gives the relationship between E,.(z,y) and E,u.(z,y) so that the
more practical aspects of the light amplifier can be discussed. The optical gain and
point spread function of the LA in conjunction with the input and output optics is

”
13 *

represented by G(z,y). The represents a two-dimensional convolution, N,(z,y)
represents noise present with the input image and any other noise sources which will
be amplified, and N,(z,y) represents all other additive noise sources affecting the

output.

Eou(z,y) = G(z,y) * [Ein(z,¥y) + Ni(z,y)] + No(z,y) (3.1)
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Figure 3.1. Optical Amplifier Concept
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Good optical design can minimize the effects of finite input and output optics
so that they do not significantly degrade the input image. Since most light amplifiers
are of limited size, they are placed in the optical system where they can collect the
throughput energy most efficiently. Typically this is in an image or Fourier plane.
In either case, the light amplifier must have uniform gain across its active area and
for a range of angles determined by the input optics. The gain must be stable and
fast enough to allow eventual optical processing techniques to be competitive with
similar digital processing techniques. Finally it would be desireable to have the gain
function introduce only a uniform phase to the input optical wave so that the output

field is temporally and spatially coherent with the input.

Noise is the next important factor in the usefulness of an optical amplifier.
The useful dynamic range of an amplifier is determined by the maximum output
signal level and the output noise. One measure of dynamic range is the ratio of
the maximum output to the minimum output where the minimum output is usually
considered to be when the signal is equal to the noise. A good amplifier is one which
amplifies only the noise already present in the image and does not add its own noise.
Sources of noise in a light amplifier could include scattering off of optical surfaces,

scattering of the pump beam from imperfections in the crystal and background light.

This chapter will analyze BaTiO; for use as an optical amplifier. A crystal of
BaTiOy4 will be characterized through measurements and expressed in terms of the
theoretical equations developed on Chapter II. The primary source of noise, pump
beam scatter, will also be characterized through measurements. The relationship
between the crystal gain coefficient, pump scatter, and beam fanning will then be
presented with the resulting impact on optical amplifier performance. With this re-
lationship a method for optimizing BaTiO, for image amplification will be presented
and an optimum configuration for a specific crystal will be proposed. Finally an

evaluation of the crystal will be made when put into this configuration.
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3.2 Optical Gain in BaTi0,

Optical gain in BaTiO; is the result of the holographic diffraction of energy
from a pump (or reference) beam into the direction of a signal beam. Since the
spatial shift of the holographic grating is /2 relative to the intensity peaks of the
pump and signal beam interference pattern, the light diffracted from the pump beam
is in phase with the light in the signal beam and they add coherently. For the same
reason, light diffracted from the signal beam into the direction of the pump beam
coherently subtracts from the pump beam’s intensity. The differential equations for
describing this process (2.35, 2.36, 2.38, 2.39) were derived in Chapter 2. Time
and crystal absorption will not be considered, since all measurements will be made
after steady state has been reached and the calculations for gain will cancel out the

absorption factor.

The experimental set-up used to collect two-beam coupling data is shown in
Figure 3.2. A coherent INNOVA 100-20 Argon Ion laser with an internal etalon is
used to produce single longitudinal mode light at 514.5 nm. Three devices are used to
control the beams before they entered the crystal. A continuously variable attenuator
(CVA) is used to precisely control the argon laser output. During experiments,
the laser output power can also be stabilized by placing it into a constant output
mode and it will keep a constant output power by automatically adjusting the laser
tube current. The polarization rotator (PR) is used for setting the polarization
to horizontal for extraordinary and vertical for ordinary polarizations. A spatial
filter/collimator (SFC) is used to expand and collimate the laser beam to a 2 inch

diameter. This also assures a uniform pump beam intensity.

The expanded beam is split into two beams with a 50/50 beam splitter (BS).
The pump beam is taken to be the one transmitted through the beam splitter.
Aperture 1 is used to restrict the size of the pump beam entering the crystal. The
beam reflected from the beam splitter serves as the signal beam and is passed through

neutral density filters (NDF) and a circular variable attenuator. The neutral density
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filters are required since the circular variable attenuator only has a dynamic range
of 100/1. Aperture 2 is then used to restrict the size of the signal beam to assure
complete overlap by the pump beam. This condition is shown in Figure 3.3 and is
important since all parts of the signal beam must be in the pump beam for uniform
gain across the signal beam. Both apertures are adjusted so that the beams enter
and leave the crystal without touching a corner or side. This is important since
light scattered from the corners ~xd edges can also be amplified by the pump beam,
thus competing with the signal beam for pump power. Before either beam enters
the crystal, a polarizer is used to guarantee the proper polarization since the coated
mirrors and beam splitter can rotate the polarization by up to 5° as well as make
it elliptical. The cross polarization extinction ratio of the polarizer is better than
100/1. Detcctors, Det 1 and Det 2, are used to measure the transmitted pump and

signal beam intensities respectively.

The gain measurements are made with Newport 835 optical power meters us-




ing Newport Model 818-SL detector heads. The dark cell noise for this equipment
is 3 nanowatts. An aperture with a 3mm diameter is placed over the detector’s en-
tranc= to minimize room background noise which, with the laser on, is typically 10-
90 nanowatts. During each experiment the signal beam power is measured before
the pump was applied P,(L)” and after the pump beam is applied P,(L)*. The
input signal beam is then removed and its grating is allowed to die out with the
pump still applied to get a measurement of the beam fanning noise P,(L)*. The L
in these expressions signifies that the measurement is taken after the beams prop-
agated through thickness L of the crystal. A 0 instead of an L would signify that
the measurement is taken before the beam passes through the crystal. The super-
script + and — identify whether the pump beam is ‘on’ or ‘off’ respectively. The
corresponding signal and pump intensities, called I, and I, respectively, are found
by dividing the power by the appropriate beam areas, defined by 2mm and 4mm

diameter apertures respectively.
The intensity gain G is calculated by the formula

P,(L)* — P.(L)*
P,(L)"

G = (3.2)

where the beam’s power can be used in place of its intensity since intensity and
power are proportional by the beam’s cross sectional area. Even though the signal
and noise beams are temporally coherent, their powers are subtracted as if they
are incoherent. This is justified since they are spatially incoherent over the detector
aperturc due to the random nature of the fanning generation (see the next section on
beam fanning). The use of output signal powers with and without the pump beam
separates gain effects resulting from the two-beam mixing from the transmission
losses through the crystal due to reflections from the faces and the absorption losses
within the crystal. These losses will result in an input/output gain which is less than
the theoretical gain in an actual optical amplifier implementation. Care is taken to

assure that J,(L)* <« I,(L) so that the amplifier is not saturated.
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Figure 3.4. Typical BaTiO; Crystal Steady State Gain Measurement as a Function

of Input Signal Intensity

3.2.1 Small Signal Gain Measurements. Figure 3.4 shows the result of a two-
beam mixing experiment in which 8, 3, and I, are held fixed and the output signal
intensity gain is plotted as a function of input signal intensity. Notice that the shape
of this curve is the same as the theoretical curve shown in Figure 2.4 in Chapter II.
This figure demonstrates that the crystal signal gain G is independent of pump and
signal beam power until the amplified signal beam’s intensity approaches that of the

pump beam’s intensity. The “ knee ”

in the curve is where this occurs. For input
signal beam intensities higher than this point the output signal intensity is limited
to a value proportional to the pump beam’s intensity. From Figure 3.4 the output
signal beam intensity would have been 24 mw/cm? if the gain had remained constant

out to the knee. As was expected thi: is close to the 35 mw/cm? of the pump beam

3-8




intensity.

The gain coefficient for this configuration can be calculated using Equation 2.39

assuming /,(0)e' ¢ < 1,(0), and letting ¢, = L.

1
r = 7 InG., (3.3)

where G,, is the small signal gain and is defined as the gain in Figure 3.4 where the
curve is horizontal and the gain is constant with respect to input signal level. An

L = 5.0mm results in a I' = 1.05/mm for the crystal conditions in this figure.

3.2.2 Characterizing the Gain of a BaT1O; Crystal for use as an Optical Am-
plifier. The two-beam coupling gain of a particular sample of BaTiO; is determined
by its gain coefficient and the crystal’s thickness. The basic physics of the photore-
fractive effect is well understood and has already been described. The exact identity
of the photorefractive sources and traps, however, remains unclear {25, 26]. This
lack of understanding, therefore, hinders the control and optimization of BaTiO4’s
noulinear-optical and photorefractive properties. Thus crystals, grown under appar-
ently the same conditions, could have significantly different characteristics due to
small differences in feed material purity or subtle differences in procedure. It is for
this reason that each crystal must be characterized before it is used as an optical

amplifier.

Two-beam coupling data for characterizing BaTiO; crystals is typically taken
using extraordinary polarization, for § = 0, and varying 6 [25]. The data is then used
to determine the effective density of empty traps N involved in the photorefractive
process as well as a correction factor to the effective electro-optic coefficient. The
first of these parametersis Ny = N,(1— N4/Np). The second and third parameters
are used to produce a corrected effective electro-optic coefficient R'.j; = F,6R.;;

where F), is the fractional poling and & is the normalized differ ntial conductivity.

3-9

Lo




The latter term is defined by

BnPholes — HeTlelectrons (3'4)
HnPholes + HeNelectrons

o=

where y, and g, are hole and electron mobilities and ppoies 8nd Ngiectrons are hole
and electron number densities. & thus accounts for electron-hole competition and
the sign/direction of the c-axis. It is not uncommon for the sign of the dominant
carrier to be different between crystals resulting in a difference in the direction of
two-beam coupling gain relative to the crystal poling direction. The factors F,& and

N;: are thus used to modify the theoretical equations to give the best fit to the data.

Figure 3.5 shows an example of data gathered on BaTiO; crystal #164-E
using extraordinary polarization, where 6 has been kept constant and § has been
varied. This form of measurement is preferable over the method identified in the
previous paragraph, since the crystal is simply rotated, requiring little or no beam
readjustment. Also, since multiple reflections within a crystal sometimes give an
erroneous reading, rapid changes in gain for small changes in 8 can filter these
conditions out. This also avoids the problem of errors created by readjusting the
beams’ overlap for each new # since measurements made early in this effort and
reported by Keppler {15] showed that crystal gain could vary by as much as 50% by
using different parts of the same crystal. Based upon the data shown in Figure 3.5,

F,6 =1 and N = 2.4 x 10'®/cm?® for BaTiO; crystal #163-E.

The exponential gain coefficient for BaTiO; crystal #164-E can now be calcu-
lated and expressed as a function of § and 6. Using F,o, Ng, E, = 0, and u = 0,
Equation 2.37 for I' is shown in Figure 3.6 as a three-dimensional plot for all possible
( and 8. From this plot it can be seen that there is a positive symmetry about 3 = 0
and a negative symmetry about § = 0. A negative I' indicates that the pump beam
is amr"Sed at the expense of the signal beam. There is only a small range of 3 and

0 where the gain coefficient is very large.
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Figure 3.5. Two-Beam Coupling Gain Coefficient Measurements
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Figure 3.6. Three Dimensional Plot of I' as a Function of 3 and 6
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The final measurement which is required to characterize the BaTiO, crystal is
its reflection and transmission losses. The absorption coefficient a is calculated from

the measured transmission T according to
a=2ln(l1-R)-InT]/L (3.5)
where R is the reflectance and 1s related to the refractive index by
R=(n-1?%(n+1) (3.6)

for the case of normal incidence. The appropriate refractive index n is used for
the light’s wavelength and polarization. For the crystal measured in Figure 3.5
T =044, R = 0.173, a = 0.088/mm for extraordinary polarization at 514 nm.
The transmission losses are exceptionally high due to the large refractive index of
the BaTiO,. It is possible to reduce these losses through the use of anti-reflection

coatings.

3.3 Noise Sources in BaT:0,

When a weak coherent optical signal is passed through a BaTiO; crystal being
illuminated with a strong pump beam at the same frequency, it experiences gain
through the two-beam coupling process. As with all amplifiers, the presence of noise
sources will add to and corrupt the quality of the emerging amplified optical sig-
nal. This problem is particularly disturbing for low-intensity injected signals and
contributes to poor signal-to-noise ratios in the detection plane. In photorefractive
amplifiers the spontaneous optical noise emission and amplification (commonly re-
ferred to as beam fanning) originates from coherent light scattered in, or reflected
from, the crystal imperfections and interfaces. A portion of this light propagates in
the same direction as the injected signal and is also amplified through the formation
of parasite noise gratings with the pump beam. Furthermore, the maxima of noise
power obviously occur along the directions of maximum gain, making it difficult to

suppress the noise of the photorefractive amplifier efficiently while maintaining high

3-13




Angles inside the crystal

Figure 3.7. Angle Definitions for Beam Fanning

gain for the signal [23]. The problem is further compounded for high gain config-
urations when the noise, which initially is negligible in intensity, can grow until it
significantly depletes the pump beam [24]. This latter problem results in a reduction

in the measured optical gain for high gain configurations [11].

3.3.1 Beam Fanning Geometry The amount of beam fanning and two-beam
coupling gain is very dependent upon the angle which the pump beam makes with
the c-axis. Referring to Figure 3.7, the pump beam with wave vector k, makes an
angle §, with respect to the crystal c-axis. Scatter from imperfections in the crystal
generate random noise rays of light in k, directions, each of which makes a different
angle 20 with respect to k,. The following discussion considers only rays in the ¢ -
k, plane, since they will be the ones generating fanning power which competes with
the signal beam, also in this plane. Analysis will be performed later to include a

more general k,,. The scattered light can be in all directions with —90° < 8 < 90°.
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Figure 3.8. Contour Plot of Gain Coeflicient as a Function of 5 and 6

Each grating resulting from the pump and a scattered light ray at 26 has a § where
B=6,+6—90° (3.7)

What this means in terms of the possible crystal gains accessible is shown in Fig-
ure 3.8. This figure is a contour plot of Figure 3.6 for equal I'’s and all possible 6
and 8. The diagonal lines on the plot represent three pump beam/c-axis conditions
and the resulting (3, 6) points possible from Equation 3.7. It is worth noting that
these same diagonal lines also represent the range of signal beam possibilities, since

noise in the same direction as the signal realizes the same amplification.
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3.3.2 Crystal Scattering Measurements The crystal scattering measurements
were made at the same time as the gain measurements. Once G was determined it
was then used to calculate the intensity of the scattering noise at the input face of

the crystal by dividing it into the fanning noise intensity at the output

L(L)*
I(0)t = ———
0 = =2
Since this noise was the result of scatter from the pump beam, it can be normalized by
the pump power to give a fractional power scattered into the signal beam direction.

For crystal #164-E, whose gain measurements were given in the previous section,

this fractional scatter 7,.,; was found to be 0.1 - 1.0 x107® where

Nscat = Ip(O) (38)

8.8.8 Optical Gain and Beam Fanning Since beam fanning is the result of
amplified light scattered from the pump beam, it is reasonable to expect that the
pattern of the fanning can be calculated based upon the pump beam and crystal
orientations. As stated earlier, pump beam light can be scattered from either crystal
interfaces or defects in the crystal lattice. Examples of scatter from an interface
include dust, scratches, or finger prints on the faces of the crystal. Examples of de-
fects in the crystal could include lattice vacancies, material impurities, or inclusions.
The latter defect, inclusions, is a term given to crystal defects associated with the
crystal growth in which the crystal component concentrations are nonuniform. For
the purpose of calculation it is assumed that all of these scatter sources are small and
random with uniform distribution over both the crystal volume and the angles which
will exit the crystal output face. Observations of the scattered light by imaging the
crystal output face onto a CCD TV camera verifies the random spatial distribution
of the light and can be seen in Figure 3.9. By placing a polarizer between the crys-
tal and TV it can be shown that the scattered light is polarized the same as the
pump beam. A measurement of the cross polarization component can not be made,

however, since the camera does not have sufficient sensitivity to detect it.

3-16




Figure 3.9. Scattered Light in the BaTiO; Crystal

The intent of this subsection is to demonstrate the relationship between pump
beam input angle relative to the crystal c-axis and the resulting observed beam fan-
ning pattern. This comparison is only approximately valid since the gain calculations
are for angles inside the crystal and the beam fanning patterns are observed outside
the crystal. It has been assumed that these patterns are linearly related using Snell’s

Law and the small angle approximation for the sine (9% error for an external angle

of 45°).

A computer program was written for calculating two-beam mixing gain with
arbitrary input pump and signal beam propagation vectors. This program is unique
over other calculations in the literature in that it allows the signal beam’s propagation
vector to be out of the k, - c-axis plane. Polar coordinates are used to describe a
fixed k,, and a range of K,, directions. The equations developed in Chapter II for
the extraordinary polarization condition are used for calculating the gain coeflicient
and an effective propagation length of 6mm is used to calculate two-beam gain.
Three conditions were used for demonstrating the relationship between the crystal

gain equations and the beam fanning pattern: Condition 1 - k, and the c-axis
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approximately parallel and in the same direction, Condition 2 - k, and the c-axis
parallel and in opposite directions, and Condition 3 - k,, and the c-axis perpendicular.
The first two conditions were selected to keep the gain low enough so that the fanned
energy was not saturated at the output causing a distortion in the fanned pattern.
The last condition was selected since this condition is the one most commonly used

when first testing a new BaTiO; crystal.

A three dimensional plot and a contour plot of the gains resulting from con-
dition 1 is shown in Figures 3.10 and 3.11. Under this condition k, and the c-axis
are approximately parallel and in the same direction. The inset in the first figure
shows this and the relationship between the polar coordinate system used to describe
the pump and arbitrary noise (or signal) rays and its relationship to the Cartesian
coordinate system describing the crystal and its c-axis. (Note that the 6 used here
and for the next two conditions is the general polar coordinate and is not related to
the angle 20 between the pump and signal beams.) This condition provided the most
control for crystal gain in that the highest gain region was always between the pump
veam direction and the c-axis direction. The amplitude of the gain was controlled
by changing the angle between k, and the c-axis. Larger angles produced larger
gain. The shape of the fanning pattern is generally circular with the peak shifted
toward the pumn beam. The actual fanning pattern is shown in Figure 3.12. The
bright square on the right is the pump beam after it has passed through the crystal.
The fanning pattern is in the middle and the c-axis is shown as a white cross which
has been added to show its approximate location. The rings in the fanning pattern
which appear to be centered upon the c-axis are the result of an etalon effect caused

by reflections of the scattered light from the front and back surfaces on the crystal.

A three dimensional plot and a contour plot of the gains resulting from Con-
dition 2 is shown in Figures 3.13 and 3.14. Under this condition k, and the c-axis
are approximately parallel and in opposite directions. The inset in the first figure

shows this and the relationship between the polar coordinate system used to describe
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Figure 3.11. Contour Plot of Gain versus Input Angle for Condition 1

3-19




Figure ?.12. Beam Fanning Pattern for Condition 1

the pump and arbitrary noise (or signal) rays and its relationship to the Cartesian
coordinate system describing the crystal and its c-axis. The relationship between the
polar and Cartiesian coordinate systems is different from condition 1 to allow linear
variations in # and ¢ to represent observed fanning patterns in the output. This
condition proved to be harder to control since the gain becomes large for smaller
variations in the aagle between k,, and the c-axis. Also, since the high gain region is
at an angle which is larger than the pump beam’s relative to the c-axis, a runaway
effect is yroduced. As pump beam energy is coupled into the high gain region, this
energy behaves like a second pump beam which makes a larger angle with the c-axis.
This larger pump angle produces a larger gain for noise at larger angles and is quickly
coupled to them. The end result is the coupling of all pump energy away from its
original direction. This can be observed in the crystal by an apparent bending of the
pump beam as it passes through the crystal. This effect can be so strong that for a
high gain crystal a pump beam propagating in exactly the opposite direction of the
c-axis wil! appear to be split in half and curve to opposite faces before it reaches the

output crystal face.
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Figure 3.14. Contour Plot of Gain versus Input Angle for Condition 2
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Figure 3.15. Three Dimensional Plot of Gain versus Input Angle for Condition 3

A three dimensional plot and a contour plot of the gains resulting from Condi-
tion 3 is shown in Figures 3.15 and 3.16. Under this condition k, and the c-axis are
perpendicular. The inset in the first figure shows the relationship between the beam
and crystal coordinate systems. As can be seen, the gain for this condition is very
much higher than in the previous conditions. The fanning pattern would appear as
a band of light increasing in intensity as it goes away from the k, direction and into
the c-axis direction. The peak of the fanning cannot be observed, however, since
the light exiting the crystal in skewed by Snell’s Law until it reaches the critical
angle (24°, § = 114° for this geometry) at which point the energy is totally reflected
internally and exits some other face. Figure 3.17 shows this fanning pattern as a
narrow, horizontal band of light going to the right from the central bright spot which
is the direct pump beam. The fanning pattern producing a wing-like shape cannot
be explained by the crystal gain equations. This effect is believed to be caused by
defects in the crystal planes perpendicular to the c-axis. Further investigation is

required to understand this effect.
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Figure 3.16. Contour Plot of Gain versus Input Angle for Condition 3

Figure 3.17. Beam Fanning Pattern for Condition 3
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This subsection demonstrates the relationship between the crystal gain equa-
tions and beam fanning. It also suggests that the amount of beam fanning which
will be observed can be controlled by selecting the proper pump beam and c-axis
relationship. What was not stated, but should be obvious since the gain equations
are the same, is that if a maximum signal beam gain condition is selected, it will
also be in the peak of the beam fanning pattern. If the signal beam angles are not
selected to give maximum gain for a given pump and c-axis orientation, then the
noise will have a higher gain and extract more than its share of pump beam power.
There is thus a direct relationship between the selection of optimized beam angles

and beam fanning.

3.4 Optimizing BaTiO; for Image Amplification

Although all of the desirable characteristics for BaTiO3 have not been dis-
cussed, it is now possible to make a first cut at defining some of the more fundamental
crystal characteristics. Measurements have been made which define a maximum out-
put (saturation) intensity and characterize the crystal’s gain coefficient and charge
carriers. The dominant noise process which results from pump beam scattering has
also been analyzed. The manner in which these characteristics determine an op-
timum optical amplifier is demonstrated in Figure 3.18 which shows a simplified
relationship between the normalized signal output intensity and the crystal gain.
The signal output is normalize o the pump signal since the pump’s intensity sets
the maximum level the amplified signal beam’s intensity can achieve. The minimum
input signal level is determined by the scattering coefficient of the crystal. This lower
level represents the condition where the input signal beam intensity is equal to the
intensity of light scattered from the pump beam. A signal, or noise, will saturate
the amplifier if 'L = 1/7,¢. The signal-to-noise ratio (S/N) of a amplifier is de-
termined by the ratio of signal intensity to noise intensity at the output. Assuming

that the signal and noise undergo the same amplification process and there are no
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other noise sources, the S/N at the output is the same as the input. The maximum
desirable crystal gain is determined when the signal output begins to saturate, since
any additional gain will result in a decrease in S/N. This is shown in the figure for
e!’ = 10" and S/N = 100. As long as the gain is below this saturation condition,

the BaTiO, crystal behaves like a linear optical amplifier.

When specifying how an existing crystal is to be used, or when specifying
a new crystal to cut, the parameters which can be varied are propagation length
(approximately the crystal thickness) and I’ (a function of crystal cut and input beam
angles). Based upon Figure 3.18 where 7,,,, = 107° and the desired 5/N = 100, the
crystal gain should not exceed 10' or 'L = 9.2. The optimum gain for an existing
crystal can be established by controlling input beam angles and crystal orientation.
The configuration which provides the most control is the first condition discussed
in the previous section. By fixing the angle 260 between the beams and varying 3,
the desired gain can be obtained. Selection of the angles is accomplished by using
Figure 3.8 and selecting a 6, line which just touches the I' = 1.5 contour, where this
particular I is selected since it gives 'L = 9.0 for L = 6mm. Plotting I' vs § for
a fixed 6, results in Figure 3.19. From this figure I' is maximum at 6§ = 1.8°, thus
establishing all of the required angles to achieve a signal gain and S/N. The required
crystal orientation and beam angles are shown in Figure 3.20. This configuration as

used in the following section for measuring image amplifier performance.

3.5 Image Amplifier Performance

Measurements on the crystal up to this point have been made with collimated
beams and uniform intensity distributions across the crystal face. These measure-
ments are necessary to characterize the crystal and verify the equations used to
describe the two-beam gain process. This section looks at the crystal’s performance
as an image amplifier. Characteristics to be considered include gain, image resolu-

tion, noise sources, signal-to-noise, and dynamic range.
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Figure 3.20. Optimum Pump and Signal Beam Angles for Crystal #164-E

The experimental setup is shown in Figure 3.21. The laser beam from the
Argon Ion Laser is split into two beams by a 50/50 beam splitter (BS) to produce
the pump and signal beams. Each beam path has a continuously variable attenuator
(CVA) and a beam expander (BE). The signal beam is expanded to about 3 cm and
passed through a resolution chart and iris. Lenses with focal lengths of 100 cm and
50 cm are used to minify and image the resolution chart onto the BaTiO; crystal.
These long focal length lenses are used so that the feed back system described in the
next chapter can be used with minimum setup changes. The pump beam is expanded
to about 0.8 cm and passed through the crystal at an angle relative to the signal
beam calculated to be optimum. Both irises are used to control the beam sizes at
the crystal to ensure maximum use of the crystal volume without striking the sides
and to assure complete overlap of the signal by the pump. The crystal is mounted
upon a rotatable platform so that 6, is easily varied. The amplified sig..al beam
image is then reimaged upon a CCD TV camera for output analysis. A third iris is

used before this last lens to minimize the light from beam fanning which would also
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Figure 3.21. Experimental Setup for Measuring Image Amplification

be reimaged upon the TV. The size of this iris is selected to match the F-number
of the input optics so as to match the input image spatial frequency content. The
CCD camera is used as an imaging radiometer by calibrating its video output level
as a function of input intensity. Calibrated neutral density filters are used to avoid

saturation of the camera.

Figure 3.22 shows an image of the BaTiO3 crystal as seen by the TV in the
experimental setup. The polarized light reveals a number of interesting crystal prop-
erties. In this picture the c-axis is horizontal and going from right to left. The dark
random spots appear to be caused by dirt on the crystal’s faces. The vertical line in
the crystal is along a crystal plane normal to the c-axis. Slight changes in the crystal
angle will make this line dissapear. This crystal had only one such plane but others
showed as many as a dozen. If the crystal is rotated so that the c-axis is toward the
TV camera another inhomogenity can be observed. Thi- characteristic appears to

be a dark filament passing through the crystal parallel to the c-axis. Images passing
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Figure 3.22. Image of BaTiO; Crystal

through these areas are slightly distorted.

By passing a strong pump beam through the crystal, light scattered into the
signal beam direction can be observed. This is how Figure 3.9 was taken. The
primary source of this light is dirt on the crystal face, which is verified by cleaning
the crystal and observing an order of magnitude reduction in its level. The exact
nature of scattering sources within the crystal, however, could not be identified.
Measurement of the brightest noise points results in a scattering coefficient 7,.,, on
the order of 10 x 107®. This number is higher than that measured before, since the

earlier measurement was an average over the whole image.

The selection of the beam and crystal angles is made based upon earlier analy-
sis. The angle between the c-axis and the pump beam 8, is selected to be about 188°
and the angle between the pump and signal beams 6, — 8, is 1.5° to 2.0°. Since the
gain is such a strong function of 8, (G = 200 to 5,600 for 8, = 188° to 192°) the final
angle is selected by rotating the crystal until the amplified noise was 1/10 the pump
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Figure 3.23. Image Gain Measurement Results

intensity. This would give the largest gain possible and still produce an output S/N
= 10 for a nearly saturated signal. This angle was found to be 188 degrees.

Figure 3.23 shows the results of the measurements made for the above con-
ditions. The pump beam intensity is shown as a horizontal line at 120 mw/cm?.
This represents a maximum amplifier output or saturation region. The peak output
noise is shown at 3.5 mw/cm? and represents a minimum desirable signal output or
a S/N = 1. A straight line has been drawn to represent the data if the crystal gain
is 130 and to show how the data would look for a constant gain. Since the measured
points do not lie on this or a parallel line, a problem with the data is identified. This
problem is associated with the setup and results in low, unstable gains. Specifically

the problem is due to a lack of stable coherence between the pump and signal beams
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Figure 3.24. Example of Amplified Resolution Chart

caused by the long and different optical paths they take after being split from the
main laser beam. Assuming a 1 meter path difference, a 0.1 C degrees temperature
change, and a thermal coefficient of linear expansion for Iron of 1.19 x 107°/C° re-
sults in a path length change of 1.2 um, or greater than two wavelengths of visible
light. As an indication of what the gain should be, the noise intensity has been am-
plified by over 4,000 times. The noise does not have the same coherence/pathlength

problem as the signal since the pump and noise beams are split at the crystal face.

Figure 3.24 shows another problem which is associated with reflections from
the BaTiO; faces. The amplified signal image is specularly reflected from the output
and input faces in sequence and generates a second, displaced image which competes
with the first. The second image is displaced since the crystal’s faces are not exactly

parallel.

The resolution of the amplified image can also be seen in Figure 3.24. The

third set of bars of the third group are spaced at 10 lines/mm. The input optics
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to the crystal minify this image by a factor of two and thus results in 20 lines/mm
in the crystal. This can be compared to the limiting resolution of the input optics

which is 80 lines/mm.

The measured image gain and signal-to noise are both dissapointingly low.
Rather than achieving a gain of 10’ and a S/N of 100 the measured gain is only
1.3 x 10? with a S/N=10. The low gain is more of a problem with the setup, which
requires long focal length lenses to control the input signal image. It does point out
a practical problem which any application will also face in that care must be taken
when planning pump and signal beam optical paths. The poor signal-to-noise is the

result of using the peak noise intensity rather than the average.

Imagery of the crystal also identified possible flaws within the crystal which
could affect amplifier resolution. The most significant improvement which could be
made to a BaTiO4 crystal is to carefully clean its input face since this will minimize
the fanning noise and increase the allowable gain. A second improvement is to
anti-reflection coat the input and output faces. This will increase the signal and
pump throughput and minimize the double image problem associated with internal

reflections.

3.6 Summary

The usefulness of BaTiO; as an image amplifier is determined by our under-
standing of the equations governing the two-beam mixing process. These equations,
however, are ideal and do not fully take into account such things as fractional poling
factor, normalized differential conductivity or pump beam fractional scatter. Since
it is still not possible to manufacture these crystals to precise characteristics, it is
thus necessary to characterize each crystal through measurements and curve fitting

to model each crystal more precisely.

The dominant noise process in BaTiO; is beam fanning. Early researchers

explained this process as the result of an index gradient cause.d by a nonuniform beam
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intensity. Later research, however, showed it to be no more than the amplification of
light scattered from the pump beam. For this reason the scattered light follows the
same geometry rules as two-beam mixing. The beam fanning pattern is the result of
relatively uniform scatter being amplified by an extremely nonlinear and geometry

dependent process.

The trick to optimizing a BaTiO; crystal for an optimum gain condition is
to specify a gain which is as large as possible, but not so large that the amplifier
saturates from the input signal. Trying to achieve gains that are too high becomes
counterproductive when the amplified noise is sufficient to saturate the amplifier,
thus stealing energy from the pump beam. For this reason it is necessary to select
a pump-to-signal angle which matches the peak in the beam fanning pattern. This
then assures that there is not some other angle where the scattered pump light is
saturating the amplifier. With this new-found underst