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ABSTRACT

Part I of this thesis describes the theoretical and experimental
aspects of a new area in coherent optics known as phase conjugate optics.
By using nonlinear optical mixing techniques, the complex conjugate of an
arbftrary incident monochromatic wave-can be generated. In particular,
the theory of the degenerate four-wave mixing technique is presented.
Experimental observation of phase conjugate wave front generation in a
Tiquid crystal material (MBBA) is described. The ability of the conjugate
wave front to correct for phase aberration is demonstrated. The quantum
mechanical origin of the nonlinear third order susceptibility responsible
for the four-wave mixing process is illustrated in an atomic system.
Because of a finite memory time of such an atomic system, the electromag-
netic waves taking part in the mixing process need not occur simultane-
ously. The applications of the phase conjugation process to real-time
information processing and the characteristics of a phase conjugate reson-
ator are discussed in detail.

The ability of an optical fiber to confine the propagation of elec-
tromagnetic waves over a long distance and within a small cross sectional
area implies that large optical intensities can be maintained over a long .
intg;action length even at.modérate incident optical power. Part II of
this thesis describes some third order nonlinear optical phenomena that
have been observed under this condition. Especially, phase conjugation
by degenerate four-wave mixing in a fiber has been shown to require sig-
nificantly less pumping power. The theoretical and experimental studies

of four-wave mixing in a liquid-filled fiber are presented.



Extensive experimental efforts have been devoted over the last
few years to the study of stimulated Raman scattering and the oscilla-
tion of the Stokes radiation inside fibers. A detailed theoretical
treatment will be given here to aescribe these effects. The analysis
shows that pump depletion due to the nonlinear process is very important
in describing the stimulated Raman scattering in low loss fibers and is
the dominant saturation effect in a fiber Raman oscillator. Finally,
the implications of nonlinear optical phenomena té fiber optic communi-

cation will be mentioned.
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-1-
Chapter 1
INTRODUCTION

1.1 Outline of Thesis, Part I

In Chapter 2, the properties of a phase-conjugate wave front will
be discussed, and a theory of phase conjugation using degenerate four-
wave mixing will be presented. The latter analysis uses a coupled wave
formalism and was first derived by Yariv and Pepper. Their
treatment will be summarized in Chapter 2 as background information and
to facilitate the discussions in the subsequent chapters of this thesis.
The observation of phase-conjugate wave front generation by degenerate
four-wave mixing in a nematic substance (MBBA) will be described in
Chapter 3. The third order nonlinear susceptibility x(3) of the
material is treated as a phenomenological constant in the discussions
given in Chapters 2 and 3. In Chapter 4, it will be shown that because
of a finite "memory" time of an atomic system, the electromagnetic waves
illuminating such a medium need not be present simultaneously, and the
conjugate wave front can be observed in the formtof a photon echo. The
analysis will use a perturbation approach, and will illustrate how the

(3)

nonlinear susceptibility ¥ .can be derived using quantum mechanical
considerations. Finally, some applications of phase conjugation will

be described in Chapter 5.
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1.2 The Main Features of Phase Conjugate Optics

A new research area in coherent optics has emerged and has been re-
ceiving increasing attention from. many scientists as its important appli-
cations are recognized. Phase conjugate optics is the name which seems
to have been accepted to describe this new field. The main feature of
phase conjugate optics is the generation of an electromagnetic wave with
a phase distribution which is, at each point in space, the exact opposite
of that of an arbitrary incoming monochromatic wave. The wave front,
after being generated, proceeds to propagate in the opposite direction,
retracing the original path of the incoming wave. Thus, the phase rever-
sal or conjugation process results in what is frequently called a time-
reversed replica of the incident wave. If we consider, as an example, an
incoming sphericai wave front diverging from a point with a radius of
curvature R, its conjugate-replica will be an outgoing spherical wave
front converging toward the same point with a radius of curvature -R.
Phase conjugation techniques have been used in the past for imaging
through phase distorting media; well known examples can be found in
holography [1] and adaptive optical systems [2]. The new and attractive
feature, which differentiates phase conjugate optics from the previous
techniques, is the use of nonlinear optical mixing to generate in real
time, without the need for intermediate electronics, and with amplifica-
tion if desired, a time-reversed replica of an incident wave.

The first experiments in phase-conjugate optics were performed in
1970 both in the USSR [3] and the Netherlands [4]. The theoretical under-

standing of the effect was, however, only qualitative and the work seems
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to have slowed down or shifted to more conventional holographic directions.

Using stimulated Brillouin scattering,'Zeldovich and collaborators
[5] demonstrated phase conjugation in the backward scattered beam. Yariv
independently proposed [6,7] the use of three-wave mixing in crystals for
real time holography and to compensate for the distortion fhat arises due
to the modal dispersion in transmitting pictorial information through a
single multimode optical fiber. Phase conjugation using this technique
was subsequently demonstrated by Avizonis et al [8]. More recently,
Hellwarth [9] showed that four-wave mixing [3,4] eliminates the phase
matching restriction inherent in the three-wave process. Yariv and Pepper
[10] applied the formalism of nonlinear optics to show that the four-wave
process is capable of amplifying an incident wave, as well as rendering
its complex conjugate version and, in the 1imit of sufficient pumping,
of mirrorless oscillation. The mixing utilizes an optically induced
polarization which is cubic in the electric field strength. This third
order nonlinear polarization, though of a higher order than that involved
in the second order (three wave) mixing, is not restricted to asymmetric
crystals and can occur in any material as, for example, any crystal,
liquid, or gas.

The first observations of phase conjugation by degenerate four-wave
mixing were reported by Stepanov et al [3]. Amplified phase conjugate
reflection and parameteric oscillation were demonstrated by Bloom, Liao,
and Economou [11] and by Pepper, Fekete, and Yariv [12]. The last exper-
iment used C52 as the nonlinear medium and a Q-switched laser was required

to provide the large optical intensities necessary to observe the effects.
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However, the nonlinear index can be increased considerably if the optical
frequency is chosen to be close to that of an atomic transition. This
has led to the use of low power laser sources for performing similar ex-
periments in sodjum [11,13] and ;ubidium vapors [14].

Many physical phenomena can be used to perform four-wave phase conju-
gation. Fundamentally it is necessary that the local optical properties
of the medium depend essentially instantaneously on the optical intensity.
Physical effects used to date include the Kerr effect [15] (change of
index of refraction proportional to the intensity), saturable optical ab-
sorption [16,17], and generation of free [4] and localized electrons [18].

More .recently, phase conjugation via real-time holography in barium
titanate [19] and BSO crystals [18] were reported. The same results have
also been observed in the infrared (10.6 ym) in germanium [20], SF6, NH3,
etc.

Four-wave mixing can be shown to be analogous to holography. Many
applications normally associated with holography can thus be performed

via nonlinear optical mixing in real time.
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Chapter 2
PHASE CONJUGATE OPTICS AND REAL TIME HOLOGRAPHY

2.1 _Properties of a Phase-Conjugate Wave Front

Phase conjugate optics is an area in coherent optics which involves
the use of nonlinear optical techniques for real-time processing of elec-
tromagnetic fields [1]. Specifically, it is concerned with the generation
of a wave front which is the complex conjugate of an incident monochromatic
wave. Before discussing in detail the techniques that can be used to pro-
duce such conjugate wave fronts, it is appropriate to define exactly what
a conjugate wave front is, and to describe its properties.

Consider a component of an incident electromagnetic wave

->

E.(F,t) = Re{A(¥) expli(wt -k-r)1} (2.1)

i
which is propagating with a wave vector K and oscillating at an optical
frequency w. The complex amplitude A(F) contains both amplitude and
phase information of the field. The complex conjugate of this field is

defined to be

E (F.t) = RefA*(¥) exp[i (ut + k-F)]} | (2.2)

It is clear that Er is obtained by taking the complex conjugate of the
spatial part of E1.> and it describes a wave propagating in the opposite
direction to that of Ei' The field Ei’ as it propagates inside a lossless
dielectric medium with a real permittivity e(r), obeys the scalar wave
equation

¥YVE. = 0 (2.3)
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If the field is also assumed to be traveling in the positive z direction,

equation (2.3) implies that

VZA + [wzue(?) - kz]A - 21k —gfg = 0 (2.4)

The complex conjugate of equation (2.4) is

*
VZA* £ [wzue(?) - kz]A* + 21k %g-* = 0 _ (2.5)

and can be recognized as the wave equation describing the propagation of
the conjugate wave Er which is therefore a legitimate solution of Maxwell's
equations. In general, in a lossless dielectric medium, there are two
solutions to Maxwell's equations; they are two counter-propagating waves
which are the complex conjugate of each other. When the conjugate wave is
generated at a plane z = Zgs it propagates in the negative z direction and
retraces the original path of the incident wave, evolving as the complex
conjugate of the incident wave at all points for z < Z, The phase fronts
of the two waves are identical in shape except that they move in opposite
directions.

A frequently quoted application of phase conjugation is its ability
to compensate for phase distortions. For example, if an incident plane
wave passes through a phase distorting medium such as a poor quality
optical component, it will acquire an undesirable phase exp[ido(x,y)].

The conjugate of this distorted wave, after being generated, will have a
phase of exp[-i¢(x,y)], which, upon retracing the original path through
the phase distorting medium, will emerge as a plane wave with the phase

aberration exactly cancelled.
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2.2 Phase-Conjugate Wave Front Generation by Nonlinear Optical Mixing

The techniques proposed to date for phase conjugation include stimu-
lated scattering and nonlinear optical mixing. In the case of three-wave
mixing, first proposed by Yariv [2,3], two input waves: E], at a frequency
w and a wave vector E1(m), and an intense pump wave, EZ’ at a frequency 2w
and a wave vector EZ(Zw) are incident simultaneously on a crystal. A
nonlinear polarization proportional to ETE2 is formed in the medium in
addition to the linear polarization. This second order nonlinear polari-
zation, occurring only in crystals lacking inversion symmetry, acts as a

source which radiates a third wave, E3, at the difference frequency

2w-w = w and with a spatial-amplitude distribution proportional to E¥E,.

172
As an example,
E] = %'A] exp{i[mt-—z1(w)'?]} + c.C. (2.6)
E, =+ A i[2wt - K, (20)-F1] + (2.7)
» =5 A exp{i[2wt - o (2w)er k& B8, ’
and
Ey = %—A3 exp{i[wt-—z3(w)'?]} +c.c. (2.8)

*
where A3 o« AIAZ'

conjugate replica of E] and, in this case, travels in the forward direc-

In the event that E2 is a plane wave, E3 becomes the
tion. The field E3 propagates in the crystal with a wave vector 23(w),
while the polarization source has a wave vector ?2(2w)-fl(w). Effective
-> = ->
transfer of energy from E, to E3 is possible only if k3(w) = k2(2w)-k](w).
This is known as the phase matching condition. If this condition is not

fulfilled, the wave fronts of E3 radiated at the different regions of the

crystal do not add up in phase, and destructive interference will reduce
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the amplitude of the E; so generated. If Ak = IEZ(Zw)-Z](w)-E3(w)I

is the mismatch in wave vectors, the crystal length that can be used
such that there is minimal destructive interference effect is about-
m/Ak [4], which typically is around 50 um. Thus phase matching is an
important consideration when a long interaction length is wanted to gen-
erate a strong E3. Usually exact phase matching can be satisfied along
one direction only. This causes a limitation on the angular divergence
of the input wave which can be tolerated, and hence on the amount of
information or distortion that can be conjugated or corrected.

An alternative process, which overcomes the phase matching require-
ment, is what is now known as degenerate four-wave mixing [5-8]. A1l the
optical fields involved in the mixing process are of the same frequency,
w, hence the name degenerate. The geometry of the interaction is shown
in Figure 2.1 [8]. A nonlinear medium, for example, carbon disulphide

(CSZ)’ is illuminated by two intense pump beams, A] and AZ’ both at fre-

quency w. These waves are chosen to be plane waves

EM?J»==%A]exﬂimm-ir?n-+cx. (2.9)
and
- . .
Ez(r,t) = %—AZ exp[l(wt-kz-r)] + c.c. (2.10)

which are counter-propagating such that the sum of their wave vectors
E](m) + Ez(w) = 0. Upon incidence, along an arbitrary direction, of an
arbitrary input wave

1

54(?,t) = 5 Ay exp[i(mt-.i4.?)3 +c.c. (2.11)

->
at the same frequency w but with a wave vector k4(w), a third order
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nonlinear polarization

3)

wrw-w _ 1

_*( G . > > > <
oL =75 X A]AZA4 exp{i[ (wtw-w)t —(k]+k2—k4) r]} +c.c.
(2.12)
is formed. It radiates to give a field
EL(F,t) = 5 A, expli(wt - kee¥)] + c.c (2.13)
3\ 7 Ty BEP 3 9t :
> - - >
also at the frequency w, but with a wave vector k3(m)= k1+k2--k4 that

(3)

is equal to -24(m). X is a third order nonlinear susceptibility ten-

sor element of the medium. The backward going wave E3, with an ampli-
tude proportional to AZ, in turn combines with the two pump waves to

induce a third order nonlinear polarization,
whw-w _ 1 (3) * fa ' F o T
Pl =5 X A]AZA3 expL1[(m+m—u)t-(k]+k2 k3) r]} + c.c.
(2.14)

which radiates into E4. The phase matching condition is automatically

>

satisfied in this process, since k3 = —E4. The two waves, without Toss

of generality, can be assumed to be counter-propagating along the z
direction. The evolution of the amplitudes, A3(z) and A4(z), is obtained
by solving the wave equation

2. e 8 gt
2 il 2

ot c 9

t2 PNL {2.15)

for each wave with its appropriate driving term given in equations (2.12)
and (2.14), respectively. Neglecting the depletion of the pump beams E]

and E2’ and using the approximation

2A .
d AJ
dz2

dA.

k J

<< J EZ—

for j=3,4
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two coupled equations can be obtained from the wave equation:

dA3 - ‘

5 = A4 : (2.16)
and

dA,

o 1KA3 (2.17)
where «* = %EQ—X(3)A1A2 and n is the linear index of refraction of the

nonlinear medium. The solutions, when expressed in terms of the boundary

values A3(L) and A4(O) are

_ cos|k|z ik*sin|k] (z-L) ,* '
A3(2) = Gosyelt As(H) * Tecos et Aal0) 2,18
and
* _ ilklsin|x|z cos|k|(z-L)
Ay(z) = k*cos|k|L AglL) + =c5s k| L Ay (0) (2.19)

z=0 and z=1L specify the boundaries of the interaction region as shown in
Figure 2.1. In particular, when there is only an incident wave Aq(O) at

z=0 with A3(L) = 0, (2.18) yields

A4(0) = —'(TE?-tan <IL) AZ(0) (2.20)
while at the other end (z=1L)
A (0)

The counter-propagating conjugate pair, E3 and Eg, coupled together through
the nonlinear polarization, can be amplified simultaneously. The energy
comes from the two pump beams. The coupling between E3 and E4 which 1is
intermediated via the pump waves E1 and E2 serves as a feedback mechanism

with gain, allowing the oscillation of this conjugate pair if sufficient
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pump power is furnished.

The nonlinear medium, used under the condition prescribed above,
can be viewed as a mirror, ref]e;ting an input wave E4 to give a back-
ward wave E3 o EZ. ‘The difference between such a conjugate mirror and
conventional one lies in the fact that the reflected wave is a time-
reversed replica and retraces the exact path of the incident wave;
whereas the reflected wave from a conventional mirror obeys the conven-
tional law of reflection. The intensity reflectivity of the conjugate
mirror, as given in equation (2.20), is tanz(!KIL) which depends on the
nonlinear properties of the material and the pump power. When
||l > %3 tan|k|L > 1 and amplified reflection will occur; and at
||l = %-, an infinite reflectivity, corresponding to self-oscillation,
is predicted.

In the above analysis, E3 and E4 are plane waves. However, the
result obtained is also applicable to waves of arbitrary phase front or
transverse spatial dependence. This is because the solutions given in
equations (2.18) to (2.21) are independent of the propagating direction
and thus describe plane waves with any wave vector k. An incident wave
with a particular phase front and transverse spatial dependence can be
expressed as a linear superposition of plane waves with different wave

vectors. Each of these plane waves will give rise to its own conjugate

plane wave with identical nonlinear reflectivity. A conjugate replica of

the incident wave front is obtained when the individual conjugate plane
waves are superposed together. It has been assumed implicitly in this

argument that the individual plane waves traverse an identical
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interaction length L. This is an approximation which is valid only when
the transverse wave vector components are small. It therefore imposes a

Timitation on the angular divergence of the incident wave.

2.3 Real-Time Holography

An alternate viewpoint of four-wave mixing has a direct analogy in
holography [5,6,9]. The incident (object) wave E4 interferes with a
(reference) pump beam, say E], to form a grating which then diffracts the
other counter-propagating (reconstruction) pump beam, EZ’ to give the con-
jugate image wave, E3. At the same time, the interference of E4 and E2
forms a hologram which diffracts E1 to yield E3. The backward conjugate
wave in turn forms a grating with either pump to diffract the other, re-
sulting in the amplification of the incident object wave. Figure 2.2
shows the hologram recording and the reconstruction processes [9]. Four-
wave mixing, however, differs from the conventional holographic experi-
ments in the simultaneity of the grating formation and the reconstruction
steps. This makes possible the processing of information in real time.
The name, real-time holography, has been frequently used to refer to this

kind of nonlinear optical means of wave front generation.



Fig. 2.2

‘hologram

(b)

(a) The recording and (b) the reconstruction of a holoaram
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Chapter 3
PHASE COHJUGATION BY DEGENERATE FCUR-WAVE MIXING IN AN

ISOTROPIC NEMATIC SUBSTANCE

In this chapter, an experiment which demonstrates the generation
of a phase-conjugate wavefront by degenerate four-wave mixing is described.
The ability of the conjugate wavefront to compensate for phase distortion
is verified. The conjugation process takes place in a material, p-methoxy-
benzylidene p-n-butylaniline (iBBA) which is a nématic liquid crystal
material at room temperature. The experiment was, however, done in the
isotropic phase of this material which manifests some field-induced short
range order above the transition temperature TC. Extensive studies of
nonlinear optical phenomena in this matarial have been reported else-
where. [1-6]. Their findings, which are relavant to the phase-conjuaation
experiment, will be described later in this chapter. The main emphasis
here will be on the verification of the theory presented in Chapter 2. The
liquid crystal (IMBBA) merely provides us with one of the many nonlinear
media in wnich the interaction can take place; and thus the specific

material properties of the medium will be discussed only when necessary.

3.1 The Experimental Arrangement

The experimental set-up is shown in Figure 3.1. The laser source
was a Q-switched ruby laser operated in a single longitudinal and transverse
mode. The linearly polarized (s-polarization) laser pulse had a duration

of about 20 nsec, and a typical energy of 10 millijouleS. The intensity
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of the beam varied transversely as exp(—rz/wi) with a beam radius Yo of
0.33 mm. The laser pulse was divided by a beam splitter (BS1) into two
beams whicnh passed through the sample cell in opposite directions, to
provide the two pump beams requi}ed for the four-wave mixing interaction.
The field at tne plane of the laser output mirror was imaged by two 6m
radius-of-curvature mirrors onto a plane at the center of the sample cell.
The path Tength between the Tlaser and the cell was therefore 12 m, and
this provided a round trip 1ength.of 24 m, or equivalently, 80 nsec delay
to prevent feedback of the pulse back to the laser. However, it was
discovered that when the two pump beams were so aligned as to propagate
exactly opposite to each other in the sample c211, the laser was still
perturbed and its output energy was reduced. A small portion of the laser
energy was diverted by a beam splitter (BS2) to serve as the signal wave.
I[ts polarization was converted by a quarter-wave plate and a polarizer
(P]) to be orthogonal (p-polarized) to those of the two pump waves. The
signal beam entered the cell almost parallel to the pump waves. The angle
was limited to about ten milliradians to allow for a large overlap of the
beams, and hence a large interaction region.

The nonlinear medium was p-methoxy-benzylidene p-n-butylaniline
(MBBA) contained in a 5.7 cm long quartz cell. This is an opaque nematic
liquid crystal at room temperature. It turns transparent at temperatures
above TC = 42.5°C, at which point the material passes into the isotropic
phase. Its properties at temperatures near and above the transition
point, TC, have been investigated elsewhere [1-6], and it has been found

to possess a very high nonlinear susceptibility at these temperatures,



-2~
thus making it a suitable material for phase-conjugate wavefront genera-
tion.

The two s-polarized counterpropagating pump waves and the p-
polarized signal wave induced a n6n11near polarization inside the IMBBA
which radiated a p-polarized conjugate wave. The conjugate beam propagatad
backward along the path of the signal wave, and was directed by a beam
splitter (BS3) to a detector. The polarizer P2 in Figure 3.1 passed only
Vthe p-polarizaed conjugate wave and rejected any s-polarizad Tight that

was caused by scattering of the intense pump waves.

3.2 Theoretical Background

The specific material properties of the MBBA and the pulsed nature
of the experiment make it necessary to modify the analysis given in the
last chapter which is intended for steady state Ci four-wave mixing.

The polarization P of a material is, in general, a function df the
applied optical fields E and is expressed conventionally as a power series

of the applied fields [7],

P = y.E+ x @ Ee + (3 g + ... (3.1)

The first term describes the familiar linear suscentibility. The second
term describes the lowest order nonlinear effects which include second
harmonic generation and_sum or difference frequency wave generation. Due
to the presence of an inversion symmetry, the lowest order nonlinear effect
in an isotropic material is the third term in the above series, which
describes effects such as four-wave mixing, Raman scattering, and self-

focusing of waves. The properties of the third order nonlinear polarization
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in an isotropic medium and, in particular, of MBBA, will be given below.

The third order nonlinear polarization in an isotropic medium is

(6]
P$3) B Z 6[X1i§jE1(w) A )Eg(w)'* gfszJ(w)E (w)Eg(w)
¥ 249 B (e)E (o) E ) ] (3.2)

1331 J 1

The nonlinear susceptibility tensor X5k is made up of two parts; for
example, Xf?gi is typically written as [6]

%% = wp {6+ 28] | (3.3)

o is an electronic contribution which is due to the optical field induced
deformation of the electron cloud around the molecules; B is the nuclear
part which is due to the molecular response to the applied fields. It has
been found by Shen et al. [6] that the electronic contribution to the
third order nonlinear susceptibility in IMBBA is nealiqible, and the only
nonvanishing susceptibility tensor element is xg?gi which, in this case,
is equal to T%—B 4 UnTike the electrons which can respond instantaneously
to the applied optical fields, the nuclear response is slower and has
Tonger relaxation time. The relaxation time of the nuclear response for
MBBA varies inversely as temperature, ranging from 809 nsec near the tran-
sition temperature TC to about.40 nsec at 10°C. above TC [6]. Since the
laser pulse in the experiment was only 20 nsec, the actual nonlinear sus-
ceptibility due to the transient effect would be smaller than that of the

steady state case.
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The conjugate field will now be derived with the assumption that
both the pump pulses are not depleted and the signal pulse remains un-
changed. Because of the pulsed nature and the Gaussian profiles of the
waves, a more complete analysis, which can deal with the amplification of
the signal and conjugate pulses similar to the coupled wave formalism in
the last chapter, has not been found. In this small signal analysis, the

two pump pulses inside the nonlinear medium are written as -

-> e _ = . _ ] \NO . kY‘Z
E](x,t) = E](x,t)x = §'A] szj-exp[1(wt—kz+-n(z) - ZR(Z))]
x expl——] exp[F (z+7 )] expl- 5 15 (£-27Tx + .. (3.4)
wo(z) T
p
N ) aA W er
Eo(6t) = Ep(t)x = 5 Ay ooy expli(wt+ kz -n(2) + )]
X ex [ o] map[= (2 J—L)] exp[- l-l~(t4-302]; Lol B (3.5)
P 2 g 2 =7 7 R
p
and the signal pulse is
. o on T o, B e -
E4(X,t) = E4(x,t)y = §'A4 g(;j'EXP[1(wt-k2'*ﬂ(Z) - ?ﬁriy)]exp[wz(zji
-0 1 A e
x expl— (z+5 L)] expl- 7 (t-2)7y + c.c. (3.6)
L
p

A

; and y are unit vectors. For simplicity, all the pulses are assumed to
be propagating along the z axis which passes through the sample cell. z = 0
is located at the center of the cell; w(z) and R(z) are the usual beam

radius and the radius of curvature of a Gaussian beam. Their definitions
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are [8]
w(z) = w0[1+-(ZA?92]1/2 = %%—- - for large z (3.7)
™ 0
0
and ‘ﬁwg
R(z) = z[1 + (XE~) | =% g for large z (3.8)

W, is the beam radius at z=0, n(z) in equations (3.4)-(3.6) is

tan—1(§A§), o is the attenuation of the wave intensity per unit length,

’HWO

and L is the Tlength of the cell. The pulse is taken to be traveling at
the speed of light in free space, c, with a 1/e intensity pulse width of

Ty The third order nonlinear polarization induced in the MBBA is [9]

_Tv
[‘_:
—_
>
(—-'.
1]
no| —
A ™

t .
(£ (%) | expl-(t-t')/2] £y (5, t)Ef(H,t Yo

-

t
+E (G [ expl-(t-t)/7] (R ENE e ey (3.9)

. ' : -7
where T is the relaxation time of the nuclear response, ¢ is 2.2x 10 °
sec at 44.5°C at which the experiment was performed [6]. The radiated

field due to the induced polarization source is formally given as [10]

o oo 1, >
2 S(t'+—|x-x"| - t)
> 1 o > C 3>
) = | [-——[w B (3] ot a3
3 J Z S B L -3
(3.10)

After much tedious but straightforward calculation, we find that the
radiated field outside the nonlinear medium at the detector shown in

Figure 3.1 is approximately
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w' 2 2

> B A 0 . s .| A,
Eg(Xt) = Eg(K,t)Y = 5 Ag gy explilutrkz+57-)] exp{[wl(z)]z}
exp[ - JT_ (t+%) . _].2_ (t+-é—)2] + G0 (3.11)
2T
P
where wé = wo//§ and w'(z) = ]zlk/nwé. Hence, the radiated pulse isalso

a Gaussian beam, but it has a smaller beam waist. Due to the self-
focusing effect, the spot size W, of the input pulses inside the medium
is generally smaller than that of the laser output outside the medium.

The amplitude A3 in equation (3.11) is calculated to be

) B onrrPy2 _ 3 1. B x
Ay = =5 T explz)” - g ol o2 Lors Pa (3.12)
0

where n is the index of refraction of the medium and £g is the eneray in
each pump pulse. Leff is the length of the interaction region, which
is smaller than the length of the sample cell becuase of misalignhment of
the beams. In the experiment, it was found that if the two beams were
exactly counterpropagating to each other, the ruby laser would he per-
turbed, and thus the pump beams were intentionally misaligned slightly.
Also, in the calculation 6f §3(;, ), the signal pulse was assumed to
overlap spatially with the two pump pulses. In the experiment, the sig-
nal pulse came in at an angle of 10 milliradians with respect to the pump
pulses, and therefore further reduced the effective interaction volume.
A3 is shown to be proportional to AZ. The derivétion can be carried out

in the same way if A4 is spatially dependent.
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3.3 Experimental Results

In this section, the temporal and spatial behaviors and the eneray
of the conjugate beam observed in the experiment will be discussed.

A typical pump pu]se,'shown in Figure 3.2a had a Gaussian profile
with a 1/e width of about 25 nsec. The conjugate beam, detected only
when a1] three input pulses were present, was shown in Figure 3.2b to
hnave a similar pulse width as predicted in the last section. In a medium
such as CSZ’ in which the response time is shorter, the conjugate pulse
observed was typically shorter than the pump pulse because it is generated
by the multiplication of three Gaussian pulses. In MBBA "the nonlinearity
is mainly due to a consequence of electric field inducad changes in the
motions of nuclei whose electrons then respond linearly to the applied
fields." [11]. The long relaxation time of the nuclear response inte-
grates out the envelopes of the modulation pulses as shown in equation
(3.9), thus giving rise to a conjugate pulse that is similar to the pump
pulse.

To verify the conjugate nature of the radiated field and its
ability to compensate for phase distortions, the following tests were
carried out. First, a mirror M, as shown in Figure 3.1, was placed next
to the sample cell to retroreflect the signal beam, and Fiqure 3.3a shows
the spatial quality of the beam. Then a phase aberrator was inserted in
the path of the signal beam and the picture of the reflected beam from
the mirror M was taken. The beam had therefore passed through the aber-
rator twice. Fiqure 3.3b shows such a picture in which the aberrator was
a piece of transparent double-stick Scotch tape. The mirror vas then re-

moved to allow the four-wave mixing to take place. Fiqure 3.3c shows the
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20 nsec/div
pump pulse

(a)

e oo

20nsec/div

conjugate pulse
(b)

Fig. 3.2  The temporal profiles of a typical (a) pump pulse and

(b) conjugate pulse
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(a) (c)
Beam reflected Conjugate beam with
from a mirror the aberrator in its path

(b) | (d)

Beam reflected from a Conjugate beam
mirror with an
aberrator in its path

Fig. 3.3
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generated conjugate beam which passed through the same aberrator

before incidence onto the film. Figure 3.3d finally shows the picture
of the conjugate beam with the aberrator removed. Since the conjugate
.beam iad a different intensity tﬁan the mirror-reflected signal beam,
Figure 3.3a and Figure 3.3b were taken with the appropriate neutral den-
sity filter in front of the film to simulate the intensity of the conju-
gate beam. The correction for phase distortion by the conjugate beam is
quite evident. The ability of the conjugate beam to correct for differ-
ent degrees of phase distortion was illustrated in Figures 3.4 and 3.5.
Both Figures 3.4a and 3.5a show the mirror-reflected signal beams which
had passed through their corresponding aberrators twice. Figure 3.4b
and Figure 3.5b show the corrections by the conjugate beams.

The energy of the conjugate beam was measured and expressed as a |
percentage of the input signal energy. The result was plotted in Fiqure
3.6 as a function of pump pulse energy. The data points fit very well
to the solid curve tan2(0.209 ep), suggesting the coupled wave formalism
of the previous chapter might still be applicable to describe the present
situation, because it does predict this kind of functional dependence on
the pump energy. The nonlinear coefficient g was, however, muéh smaller
than what was expected. It was shown by Shen et-al. [5] that the spot
size of an intense laser pulse has a very complicated nature due to the
transient self-focusing effect inside the MBBA; and self-focusing of the
laser beam was indeed detected in this experiment. Therefore the effec-
tive interaction volume was very small, giving rise to a weak conjugate

signal from which the nonlinear coefficient was deduced.



(a)

Reflection from a mirror with an aberrator
in the path of the beam

(b)

Conjugate beam with the same aberrator
in the path

Fig. 3.4
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Reflection from a mirror with an aberrator
in the path of the beam

Conjugate beam with the same aberrator
in the path

Fig. 3.5
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3.4 Conclusion

In Section 3.2, the theoretica]bbackground of the experiment was
presented. The radiated field due to the mixing of threae pu1sed Gaussian
beams in the M33A was derived. The derivation assumed that the two pump
waves and tne signal wave remained unchanged, and therefore any coupling
between the signal and its conjugate wave was neglected. It was éhown
that the radiated field would alsc be a Gaussicn beam with a smaller beam
waist than that of the input beams, but it would have a pulse width
identical to that of the input pulses. It was a small signal analysis
corresponding to the linear region of the coupled wave formalism of
Chapter 2. It predicted a nonlinear reflectivity that would be propor-
tional to the square of the pump energies.

The experimental results described in Section 3.3 verified the
qualitative features of the analysis. The observed conjugate wave was
Gaussian and had the correct temporal behavior. Its ability to compen-
sate for phase distortion was also demonstrated. There were, however,
two discrepancies between the analysis and the experiment. The nonlinear
reflectivity varied as tan2(0.209 ep) instead of eg. This suggested
tnat the pump pulse energies were high enough such that the small signal
analysis was not adequate to describe the interaction taking place inside
the medium. It showed a functional dependence of the nonlinear reflec-
tivity on the pump pulse energies similar to that predicted by the
coupled wave formalism for the CW plane wave case.

The second discrepancy was that the nonlinear coefficient 8,

deduced from the nonlinear reflectivity, was about 10 times smaller than
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the reported value [6]. This was attributed to the misalignment of the
beams and the presence of self-focusing inside the medium. Both factors
combine to reduce the interaction region and hence the energy of the

conjugate wave.
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Chapter 4
PHASE CONJUGATION BY PHOTON ECHOES

A11 the optical mixing schemes for phase conjugation require the
simultaneous illumination of a medium with several intense optical beams.
There is, however, another phase reversal technique which uses the finite
"memory" time of the atoms in the "mixing" medium. This technique does
not require the optical fields to be present simultaneously.

Heer and McManamon [1] first pointed out that wave front correction
and phase conjugation can take place in a photon-echo geometry involving
forward traveling noncoincident four-wave mixing. Shiren [2] later showed
that a backward conjugate echo can result when twb of the noncoincident
input pulses are opposite to each other.

In this chapter, these ideas will be explored and a perturbation theory
will be used that can be applied to more general situations. The treatment
results in a formulation of the problem that is similar to the perturba-
tional description of CW nonlinear optical mixing [3]. It also includes
the effects of collisional relaxation (Tl’TZ) on the process of conjugate
echo formation. In Chapters 2 and 3, the nonlinear susceptibility was
taken to be a phenomenological constant. The analysis presented in this
chapter will illustrate how the nonlinear susceptibility of an atomic sys-

tem can be derived quantum mechanically.

4.1 Photon Echo in Two-Level Atomic Systems

Consider an ensemble of two-level atoms with energy levels ES and

E (E

i > Es)' It will be assumed for the moment that no collisions take

m

place so that the relaxation times are taken as infinite. The atoms are
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subjected to three pulses of duration § of optical radiation of the same

"frequency w but traveling along arbitrary directions

>

E.(r,t) =

; E. (t) exp[i(mt-k’i—?)] fce., i=1,2,3  (4.1)

N —

The pulse amplitude envelopes Ei(t) are shown in Figure 4.1. The pulses
may or may not coincide and the pulse areas are taken to be much smaller
than m. To establish a bridge between the problem described above and the
conventional nonlinear optics (where the three fields exist simultaneously)
the problem will be solved using a perturbation expansion of the time
evolution operator [4,5]. The objective here is to find the polarization
induced in the atomic medium which is third order in the applied fields.
The wave function ¥w(t) at time t is related to its value w(to) at an

earlier time to, according to

~

H
w(t) = expl-i % (t-t )] v(t))
ot . i
o %—{;J g [g><g|exp[—iwg(t-t')]V(t') exp[-i WT'(t"to)]dtz}w(to)
tO
= [0 (et )+ 0 (02 )7 wie,) (4.2)

where wg = Eg/ﬁ- The total Hamiltonian is the sum of the unperturbed value

H0 and the perturbation V(t), and

g AP

U(t) = - 1-E(r,t) (4.3)

A > >
with § being the atomic dipole moment operator and E(r,t) treated as a

classical variable. Only the zero and first order terms in the expansion

of the time evolution operator are included.
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In the 1imit of small "area" pulses (uES/h) << 1 (& = pulse dura-
tion) and negligible dephasing during the pulse (mm—ws-w)é << 1, the
operator G(])(t—to) which represents the effect (to first order in E) of

a pulse at ti on the wave function becomes

~(1) _ 18 : e s
U (ti) = Eﬁ-exp[i1(mti-k1-r)] g |g><g] Ejuj (4.4)
= , EfsE*, ELsE . §=x, i 03 E
g=mors 3 ; EJ EJ j=x, y, or z. We take (uJ)mS Hims

for m # s and zero otherwise. It follows that if at t. the atom is in
the ground state |s> then G(])(ti) causes it to make a transition to the
excited state |m> and vice versa. In the first case we use the lower (-)
superscript, while in the second case we use the upper (+) superscript.

The choice of Eg(z Ej) or E;(E E?) is due to the fact that only terms with

near vanishing resonance denominators are retained in the derivation lead-

ing to equation (4.4).

We define the eigenfunction w(]’0’3), as an example, as that com-

ponent of y(t) that is due to "scattering" from |s> to |m> at t1'(by E])

and from |m> back to |s> at t3 (by E3), § o

o103y = 00O (eop ) 00

) ) 00, -t (M el (aus)

3 3

We can now use the formalism to calculate the j component of the induced
atomic dipole moment <uj(t)> following the sequence of three pulses.

Specifically, we will look first for a dipole moment which is proportional

to E?E2E3. Such a dipole moment results from <w(0’0’3)|uj|w(]’2’0)> and
O,Z,O)l 1,0,3)>

from <w( “j‘w( To calculate the first term we apply equa-

tion (4.4) to obtain
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(1,2,0) _ (i8y2

* s = =F
v 2R Himstasm F1Ep expl-1l(uty-kyor) + o (t)-ty)
> o>
- (m‘l:2 —‘kz-r)+ws(t—t2)]} |s> (4.6)
(122,0] . )
P thus represents a component of y(t) which underwent a scattering

|s> > |m> absorbing a photon from E] followed by |m> -~ |s> scattering due
to the emission of a photon to E2' Similarly, °
(0,0,3) _ is * : + *
¥ = oF Hane E3 exp{-1[(wt3— k3-r)4-wm(t—t3)4—ws(t3—t])]} [m>
(4.7)
When the time t1 is taken without loss of generality, as zero, the induced

dipole moment at t > t3 15
<Uj> = <w(0>053)(t)[ujlw(]32’0)(t)>

: o3
_LO_—- * % N -—> g b .
B 8ﬁ3 u]ms“ZsmU3smUjms E]E2E3exp{1[wt ( k1+k2+k3) ¥

+ (wms'w)(t—tz"t3)]} (4.8)
where Yns SHONE U
A calculation of the contribution due to <¢(0’2’0)|u.|¢(]’0’3)>

J
gives a result identical to (4.8). The total value of <pj> is thus twice

that given by (4.8). Let the resonance offset parameter be A = (w__ -w).

ms
An inhomogeneous distribution of resonant frequencies is described by a
normalized lineshape function g(A). The induced polarization Pj is ob-

tained by summing <uj> over all A. The result is
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id * : > >
— N nsH2sm3smt jms E1 E2EgexPlilut - (kg tkotkg) -r] S(t-t,-t5)

4R
(4.9)
where S(t) = J g(a) e't4r is the Fourier transform of the normalized
1ineshape function g(A), and N is the dipole moment density.

For an even g(A) the function S(t—tz—t3), hence Pj’ is essentially

zero except for a duration Zn/A]/2 centered on

t = t2+t3 ‘ (4.10)

where By/2 is the width of g(A). During this period the sample will radi-

ate a photon echo provided the phase matching conditions are satisfied. If

>

the pulses E2 and E3 are exactly opposite, EZ-+7 = 0, then the radiated

3
echo at t=t,+t, will propagate according to (4.9) in the direction —K],
i.e., the reverse of the direction of E]. These results have been noted
by Shiren [2], who applied the formalism of photon echoes. Our perturba-

* a .
1E2E3 which is

in a form identical to that used to describe four-wave conjugation in con-

tion approach brings out specifically the field dependence E

ventional nonlinear optics terminology [3]. It should be recalled,
however, that here E](t), Ez(t), and E3(t) do not necessarily coincide in
time.

By comparing equation (4.9) with equation (2.12) or (2.14), it is
obvious that the induced polarization given in (4.9) can be expressed as
a product of a third order nonlinear susceptibility X(3) and the applied

(3)

fields. The analysis presented in this section shows how X can be
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derived. The formalism is general and is applicable to describe the in-
teraction of other systems with pulsed or continuous optical waves.

The output wave radiated by the polarization (4.9) is the complex con-
jugate of the first wave E](t). ‘in holographic terms we can describe the
process as one whereby a "hologram" is written into the atomic medium by
pulses E](t) and Ez(t) which do not coincide in time. An interrogation
pulse at ty opposite in direction to E2(t) gives rise to the backward read-
out echo at t= t3+t2 which is the conjugate replica of E](t). If pulses
E2 and E3 are parallel to each other as well as to pulse E], i.e.,
E]==E2==E3, then the induced echo has, according to (4.9), a spatial depen-
dence of exp[i(wt-Eﬁ-?)]. It is thus radiated in the forward direction.

The special case of EZ( L) = E3(F,t) is of interest. The pulse

formed is proportional to EYE

NN S

exp i[wt-—(ZE -E-)~F] and occurs, accord-
2 1

=

1

ing to (4.10), at t= 2t,. If k1=:E2 then the pulse is radiated in the
forward direction and can be recognized as the usual forward photon echo
[6]. It is interesting to note that although only two pulses are applied,
the phenomenon involves a third order mixing, except that two of the fields
(E2 and E3) are degenerate. The demonstrations of phase conjugation by
photon echo have been reported recently [7,8].

It is also of interest to inquire about the possibility of an echo
proportional to E]E;E3 in which the second pulse is conjugated. An analy-
sis similar to the above reveals that such an echo occurs at t==t3-t2 < t3

and is thus unrealizable except for the special case t2= 0, i.e., pulses

E] and E2 coincide.
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4.2 The Effect of Relaxation Time

To determine the effect of the population relaxation time (T])
and dephasing collisions (T2) on the intensity of the radiated pulse,

the induced dipole moment can be alternatively obtained as

ST

trace AA.
3 c (ouJ)

= Q]Z(UJ)21 + 02] (UJ)]Z (4-]])

where p, the density matrix operator, can be expressed as a perturbation

: : _ (o), (M), (2, . (1)
series, i.e., pij pij -%pij ~+pij + . Specifically, pij obeys the
following equation of motion,
(1) (1)
dps R
ij s 1), i3~ =1 rorey 2(0)
dt — 1J)J1 Q]J T1J W [V<t)ap ]]J
KERN (4.12)
- (0) . , .th
For i=], Tij equals T] , and pii ds determined by the 1 energy level
thermal equilibrium population. For i#j, Tij equals T2, and pgg) = 0.

Equation (4.12) is obtained by using a perturbation expansion of the den-
Sity matrix operator [9] in terms of the applied fields, and we shall
look for a term in 012 that is proportional to the product of the three
applied fields.

Upon the incidence of the first pulse, only the off diagonal den-
Sity matrix elements, P12 and P01 are perturbed to first order in E].
The driving term on the right hand side of (4.12) is proportional to

(pg?)-pég))E1(t). After the perturbation due to the first pulse, 010
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evolves as exp[t(iw

dej and in the limit of small &,
ms T

2
u
oy (t3>t> 1)) = - 5 (613 - 3g)) Ey
< expli (wt - K, -7)1 expl (e ——T%)(t—t])] (4.13)

The second pulse affects the diagonal elements, P11 and Pop> giving rise

to perturbation terms proportional to ET E2. In this case, the driving
term in (4.12) 1is the product of Ez(t) and the pgg)(t) given in (4.13).

P17 and ey then evolve as exp(—t/T]) after the second pulse.

S TORY
= Mméz(p](?) —pég))E*EZ exp[im(t —-t])

(1)
e
4ﬁ2 1 2

P 2)

(kK ) F] expl-(iw. +4) (t,-t,)] expl- — (t-t,)] (4.14)
2 1 ms T2 2 1 T] 2

When the third pulse arrives, P and 091 are affected by driving terms

proportional to E3(t)(p$})(t)-p§;)(t)) when the on-diagonal elements are

given in (4.14). Thus p1p and pyy are proportional to E?EZE3 and evolve

as exp[t(iwms-%m)] for t> t3. Setting t1=:0, the final expression for
2

the induced polarization is

‘3 :
s " . _ _—> ol )
Pj ) 453 N“]ms“Zsm“3sm”jms E1EsEs exp{ifwt - (-k +k2+k3) rl}

1

x S(t-t,-t,) expl- == (t¥t,-t.) - = (to-t,)] (4.15)
273 T, K=ty - Ay

At the height of the echo at time t= t2+t the effect of relaxation is

3)
thus to reduce the radiated field by the factor exp[- %~(2t2)-%-(t3—t2)].
2 1

It is thus necessary that the time delay t2 between the first and second

pulses be short compared with the homogeneous relaxation time TZ'
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4.3 Phase-Conjugation in a Three-Level Atomic System

The above formalism can be easily applied to describe the interac-
tion between a multilevel atomic system and a multipulse sequence (provided
all the pulses have areas very much smaller than 7). We shall next
consider an interesting case of a three-level system with energy Tevels

Ea, Eb and EC (EC:>Eb:>Ea). The three atomic states are connected by the

nonzero dipole matrix elements Hop and Moo while Hae is taken to be zero.

The atoms are subjected to three pulses, each of width § at times t,, t

1* "2

and t3, respectively. The first two pulses are of the same frequency
Wy T Wy T W, but can have different polarizations and wave vectors. They
modulate the atomic state populations, which, in turn, scatter the third

applied pulse which has frequency w, = Wop The induced dipole moment

3
that involves all the three applied fields is caused by

(0200, 1115030, ng (150,00}, 1, (0,2,3)

3 > resulting in

_ 18,3 *
<uy> = (3F) HiapM2bat3ncHjeb E1E2E3

=9 =P >

exp{ilugt - (kykpmkg) ¥ + (o, -07) bty + (o -03) (£-t3)]}

X

+

*
K E]E E

H1ab"2ba*3bcMjcb 253

x explilugt - (-ky#kyrkg) T = (=07 ) (=t ) + (i p-0g) (£-t5)1} (4.76)

When summed over the inhomogeneous distribution of the resonant frequencies
of the atoms, it is observed that a maximum superradiant superposition of

all the individual atomic polarizations is formed at t3, provided that
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t2:=t]. To include the relaxation effect, the density matrix operators
are solved and the induced polarization at t>>t3 and for the case t2==t]= 0

is

_ 6,3 1 1.
<> = (F) Maphobatanctjep eXPl- T (t-tg) -ty 7+ lugwg) (t-t3)]

2 1
X"(EE*E i [wat - (Kq-K,+Ko) ]}
1EoE3 exp{ilugt - (ky-ky*ky)-¥l}
* . > > > -
+ EJESE, exp{1[w3t-(—k]+k2+k3)-r]{}— (4.17)

The first term of this polarization gives rise to a radiated field of fre-

w
> . _ 3 » ok
quency ws and wave vector kr with kr =0 n(~3), provided
> > - >
k] (w]) - k2(0)2)+ k3 (w3) = kr(w3) (4.18)

where n(m3) is the material index of refraction at Wy The roles of E]
and E2 are reversed in the second term of the induced polarization. In an

atomic medium in which wp and (4.18)

= Weps W3 can be made equal to Wy

is easily satisfied. In particular, E] and E3 can be chosen to be the two

a

counterpropagating pump fields and a backward conjugate replica of E2 is
produced independent of the direction of EZ‘

The phase matching condition of (4.18) can also be met in a bire-
fringent or an isotropic medium. Figure 4.2 shows a graphic construction
for satisfying the phase matching condition in an isotropic medium for
W3 > wy = Wy Given some choice of E](w]) and Ez(m]) the direction of

>

->
k3(w3) and the radiated field kr(w3) is determined as shown.
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Chapter 5

APPLICATIONS OF PHASE CONJUGATE OPTICS

5.1 Corrections of Phase Aberrat%ons

The most frequent]y quoted example for the application of phase
conjugation is the correction of aberrations that arise when an optical
wave passes through a phase distorting medium. Consider the example of
sending spatial information which is encoded on an optical carrier wave.
After propagating through a communication channel, such as a multimode
optical fiber, the information is scr&mb1ed due to undesired phase dis-
tortion. In the case of a multimode fiber, this arises from the fact
that each mode propagates with a different phase velocity. If a conju-
gate wave is generated at this point to.reverse the phases and then
allowed to propagate through another similar section of the fiber, the
phase acquired by each fiber mode is cancelled, and the information thus
recovered. Another important potential application of phase conjugation
involves the éorrections of aberrations in laser amplifiers and in other
dynamic optical systems in real time. A possible method is illustrated
in Figure 5.1. The figure shows a configuration designed to focus the
output of a high power pulsed laser amplifier on a very small target,
shown in the figure.

If the output of the amplifier were to be focused directly on the
target, the distortion of the amplifier medium during the pump pulse
would make it impossible to obtain a diffraction Timited spot size thus

reducing the available intensity.
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In the compensation scheme the target 2 is illuminated by the
output of a Tow power laser oscillator 1 (CW or pulsed). The reflected
light 3 is collimated by lens 4 and traverses the amplifier 5 in re-
verse (away from the target). fhe distorted wave front 6 is incident
on the conjugator 7 and is reflected as a conjugate wave 8. The wave
retraverses the amplifier 5, emerging as a plane wave 9 which is
focused on the target as a diffraction limited spot.

A most important attribute of this scheme is its ability to
track a moving target provided the distance traversed during the round
trip time from the target to the conjugator is small compared to the
spot size. As a matter of fact, if the gain of the amplifying medium
is sufficiently high and/or the reflection of the conjugator is strong,
then an oscillation mode can exist in which the target serves as one
reflector while the conjugate reflector completes the resonator. In
this mode of oscillation [1] the beam autotracks the moving target. The
low power illuminating laser (1 in Fig. 5.1) 1is not needed in this mode

of oscillation.

5.2 Real-Time Spatial Information Processing

The analogy between real-time holography and four-wave mixing
was pointed out in Chapter 2. It is natural to expect that four-wave
mixing will have applications that are normally associated with conven-
tional holography. Conventional holographic techniques are used exten-
sively in coherent image processing such as pattern recognition and
spatial filtering. Various schemes to use nonlinear optical effects

for performing image processing have been proposed [2-4]. In this
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section, a scheme will be presented to show how four-wave mixing can be
utilized to perform, in real time, the spatial convolution and corre-
lation of images.

Consider the nature of fhe resultant field produced by simultane-
ously mixing three optical fields, all of radian frequency w, incident
upon a thin medium possessing a third order nonlinear optical suscepti-
bility, x(3), centered at the common focal plane of two identical
lenses of focal length f. The geometry is illustrated in Figure 5.2.
Each field is specified spatially at the front focal plane of its

respective lens with the following amplitudes:

E] = %—A](x,y,z) e1(kz'wt) + €.C.
E. =i (x,y,2) e—i(k2+wt) + é C
2 " E g ¢
_ 1 i(kz-wt)
E4 =5 A4(x,y,z) e + c.cC. (5.1)

where A]’4(x,y,0) = u],4(x,y), and Az(x,y,df) = u2(x,y). Fields E] and
E2 are essentially counterpropagating, with E4 being parallel to these
fields and separated either spatially [e.g., shifted by (xs,ys)] or via
orthogonal polarizations. The us contain the input information to be
convolved or correlated, which can, for example, be in the form of
phase and/or amplitude transparencies.

For a given thin lens, with an index of refraction n, a maximum
thickness A and a focal length f, its effect on an incident optical
wave is represented by a transmission function [5]
ik ( 2. 2)]-

expl[ikna - 5% (x“+y

oF Furthermore, for a given electromagnetic wave
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distribution u(x,y) at the plane z=0, the scalar diffraction theory
states that the wave distribution for z > 0, in the Fresnel approxima-

tion, will be [5]

u(x,y,z) = 112 exp(ikz) exp[%—’;~ (x2+y2)]
x JJ dx'dy'u(x',y") exp[%%—(x'2+y'2)]exp[~ %F*(XX'+YY')]

- (5.2)

Taking z=0 to be the front focal plane of the lens L] in Fig. .2, 1t
can be shown that a field A](x,y) defined in'equation (5.1), after
traveling from the front focal plane to the Tens L] and passing through

the lens, is of the form

o0

A]( .y, f<z<3f) = F—exp[1k( nA+z) ] JJ«dx'dy’ul(x',y')

—00

x explyS (2- 2 (x' Sy )] expl- X (xx'+yy')] (5.3)

Similarly, A2 after propagating through Tens L2 has the form

Ay(xoys F22236) = Sk explik{meaf-2)] || dxdy'uy(x'y")

—~00

[

expl¥(Z-2) (x* 24y ?)] expl- 121 (' +yy')] (5.4)

Anticipating the mixing process of interest, the complex conjugate of A4

(after propagating through lens L]) is

[ee]

AZ(x,y, f<z<3f) = Af exp[ ik(nAa+z)] Jde'dy'uZ(x',y')

-0

expl- 3K (2-2)(x %+y'%)] expl15F (xx'+yy")] (5.5)



BB
The fields A], A2, and AZ become directly proportional to the Fourier
transforms of their respective us at the back focal plane of the lenses,
i.e., z=2f, and are approximately the Fourier transforms of the us if
the first exponents in the 1nte§rands of the three above equations can
be neglected. This happens when

7
|2-2f] << 202 (5.6)

r.
i

where rs is the spatial extent of Us-
We now place a medium centered at the focal plane fc of thickness
Z, [satisfying the constraint (5.6)], which possesses a third order non-

(3)

linear optical susceptibility, X w1thout loss of generality, we
assume a transparent, lossless medium, and neglect Tinear refractive ef-
fects.

The complex amplitude of nonlinear polarization at w=wtw-w

generated by the mixing of the three waves is, according to equation

(2.12)

_ (3) *
P = y::i. Ay A A (5.7)
NLi ijkl ]j 2k 4]

where repeated indices are summed over the field polarizations. The

resultant field, A3, is given by

2
> A1res > = =¥ 3,
A, (%) = - -Eé—-J Py (1) G ¢ (5.8)
where
. ikr
Gl x] = = A—ﬂ - (5.9)

is the Green function that satisfies the wave equation. Using (5.3),
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(5.4), and (5.5) in (5.7) and (5.8), as well as condition (5.6), and
integrating over the volume of the nonlinear medium, it is found that

A3, after having passed through the lens L], is
(3) |

: zZ X
L R Y £ N

C X2f2

A3(X,Ya Zz:O) =R

*
X J[ dX]dy] JJ dx4dY4u](x]aY])Uz(X4"X'X]=y4"Y‘y])u4(X4aY4)

-C0 -0

(3)
. Z .
= 12CW ~— expl 12k (na+2€) Juq (=x,=y) * uy (=%, -y ) uy (-x,-y)

ATF
(5.10)

The symbols * and 4K denote the standard operations of convolution and cor-
relation, respectively [5]. It has been assumed that X(3)'1s uniform
throughout the nonlinear medium. A degenerate four-wave mixing interaction
in the common focal volume of a two-lens system can therefore lead to the
operations of spatial convolution and correlation of optically encoded
fields. The extension of these concepts to real time matched filters,
pattern recognition, and other forms of image processing follows direét]y.
Equation (5.10) is the primary result. The spatial convolution of
u](—x,—y) and u2(~x,—y) is obtained by making u4(—x,—y) a point source.
Similarly, the correlation operation is performed by placing information
on fields Uy and Ugs with Uy being a point source. The point source will
actually be a diffraction Timited small Gaussian spot; and the finite
spot size, in the foca] plane fc in Fig. 5.2, of the "point source" input
will ultimately limit the spatial frequency bandwidth of the above opera-

tions.
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The approximations used in the above analysis place upper limits
on both the resolution (or spatial frequency bandwidth), and the effici-
ency (or nonlinear gain) of the interaction. The Fresnel approximation

is related to fma , the greatest spatial frequency present, by

X

4
¢ =2y (5.11)

lite A~ f

This same approximation also places an upper limit on the input field spot
size, which is given by

31/4
“ﬂf ) (5.12)

d < (

Hence, the maximum number of resolution elements possible is derivable

through (5.11) and (5.12) yielding

_ 16f |
Nmax - (6.13)

Using values of 10 cm and 0.5u for f and X, respectively, leads to a value

of 1O3cm_] for fma , which corresponds to a grid of 1000 x 1000 resolution

X
elements per square centimeter.
The second constraint, (5.6), yields an upper limit to the nonlinear

gain of the interaction. From (5.6) we obtain

2, < b0 = (5.14)

where W, is the spot size in the focal plane. For Gaussian beams, the
value of b0 corresponds to 2m times the confocal parameter [6].
The maximum number of resolution elements given in (5.13) has been

derived with the assumption that the waves can be of infinite extent. In
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actuality, the finite spot size of the Gaussian "point source" in the
focal plane determines the maximum spatial frequency of the convolution
or correlation operation. It can be shown that the number of resolution
elements 1is |
)2

N = (d]/d2 (B.T5)

where d] is the spatial extent of the input field, and d2 is the input
aperture size of Gaussian "point source," assuming both are satisfying
the Fresnel approximation (5.12). It follows that for a given input
power and choice of lens focal length, the output power with information

present in the two input fields is related to that for no information

= P ////N | (5.16)

ut « /
e no1M0/

present by

P
OUtinfo

Thus, we see that there is a tradeoff between the spatial bandwidth

product, N, and the output power (or nonlinear gain) of the interaction.

5.3 A Phase Conjugate Resonator

It has been mentioned that a nonlinear material, when used in the
four-wave mixing geometry, can be treated as a conjugate mirror. If
such a mirror is used to replace one of the two conventional mirrors
that form a laser cavity, it has been observed that there is no stability
condition neceséary for oscillation to occur [7]. It also compensates
phase distortion contributed by any poor intracavity optical components
which otherwise would degrade the optical quality of the laser output

beam.
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In this section, an analysis is presented to derive the stability
criterion and mode spectra of a laser resonator of whith one of the
mirrors is replaced by a phase conjugator. The phase-conjugate reflec-
tion is taken to be caused by a four~wave nonlinear interaction. The
geometry of such a phase conjugate resonator is shown in Fiqure 5.3.
Consider an incident Gaussian field

kr2 2

- E( : P
Ei = Ei(r) exp[1(mt-kz——7§ﬂ —;?J % L5, (5.17)

with a complex amplitude Ei(?), a radius of curvature p, and a spot size
w, which is also frequently written as

2
E; = E,(¥) exp[i(wt-kz—%——)] $ G0, (5.18)

The complex radius of curvature q; in (5.18) is defined as
=L _ 12 (5.19)
i W
The effect of a phase-conjugate mirror is to reflect such an incident
field to give its conjugate replica, leaving the wave front and the spot

size unchanged. The reflected field is

2 2
« (L e 11 8 kr G
E. Ei(r) exp[1(wt-+kz-+§5~0 ;ﬁj + €.C, (5.20)
which can also be expressed as
E o« EX(r) exp[i( t%kz-—‘i&)] +c.c | (5.21)
r“ _i p (U 2qr‘ - . -

The reflected field complex radius of curvature is

1 1 i 1
fer o oo Mo (5.22)
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Using the conventional ray matrix formalism [6] which describes the
effects of optical components on Gaussian beam propagation, the phase-
conjugate mirror can be represented by a “fay" matrix

A B 1 0

M= = {B.23)
¥ C D 0 -1

with the output and input complex radii of curvature related by

*

= Aqi T_ﬁ_ (5.24)
+ .

qu + D

9

The conjugation operation on the q; in this case is a unique feature of
the conjugate mirror and is absent in the conventional usage of a ray
matrix. It follows directly that the ordinary ray matrix formalism [6]
for treating the propagation of Gaussian beams through a sequence of op-
tical components can be applied also in the case when one of the elements
in the sequence is a phase conjugate mirror. Using the matrix in (5.23)
to represent the conjugate mirror, the compTex.output radius of curvature

q at any plane following the conjugate mirror is related to the input

out
complex radius of curvature, ;5 by

A qf + B
out —J;gf*'ﬁ;[ (5.25)
Craj * Dy

q

A B i

where CT DT) is the product of all the ray matrices representing
T 1}

the optical components, including the conjugate mirrar, in the sequence.

A11 the matrices in the sequence are assumed to be real and the conju-

gation operation on q; can be performed at any plane.
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Consider the situation sketched in Figure 5.3. The resonator is
bounded on one end by a mirror having a radius of curvature, R, contain-
ing arbitrary intracavity optical components described collectively by
an A'B'C'D' matrix, E" for optical propagation from left to right, and
again by an A"B"C"D" matrix, @“, for propagation from right to left. The
resonator is bounded on the other end by a phase-conjugate mirror. In
order to investigate the stability criterion for such a cavity, the
standard self-consistent formalism is applied and the complex radius of
curvature of the beam is required to reproduce itself after one round
trip. Choosing a plane to the immediate right of the real mirror, we
trace a beam that propagates to the right and get, after one round trip,

the following matrix product:

/’ A‘| B. \ {1 0‘\ ,,A" B"\ 1 0\“ ..‘ A Bn
i V) i i |
i L ;: :4 3

i : |

'l /'. ‘.\C” D“/‘j “ O _] /; QV\C; D',v’!

=, (5.26)
\_R—— 1 / "\O -] /
where we have used the relation
MIIM = Pg([jl)—] ‘ (5-27)

which can be shown straightforwardly, using the reciprocity property of
the group of optical elements represented by g' (or g“). The result is
quite obvious if it is realized that the combination of any lossless and
passive optical components and a phase conjugate mirror can be represented

as the conjugate mirror itself, due to its time reversing nature. Self-



-63-

consistency demands the field to reproduce itself at the aforementioned

plane after one round trip, and hence,

A1g” + B
q = - " (5.28)
C]q + D]
Upon solving for the beam parameters it is found that
o = -R (5.29)

that is, the radius of curvature of the Gaussian beam matches that of

the real mirror at the plane of the mirror, which can either be a concave
or a convex mirror. There is no constraint on the spdt size of the beam
and also no stability condition for such a cavity. The result obtained
is independent of the cavity length and the intracavity optical compon-
ents, in marked contrast to the properties of a conventional Fabry-Perot
resonator. A typical Gaussian mode which is self-consistent for one
round trip is sketched in Figure 5.45.

In conventional resonators,.a11 allowed eigenmodes are obtained
by demanding a single round trip self-consistent solution. However, in
the case of a phase-conjugate resonator, it is possible to have allowed
modes which will reproduce themselves after two round trips. Further-
more, by simple ray tracing, it can be shown that, due to the time-
reversing nature of the conjugate mirror, the rays repeat themselves
after two round trips. Using the same procedure as before, the ray

matrix describing the beam propagation for two round trips is

M)~ = 1 (5.30)
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where ; is the identity matrix. Since the conjugate mirror is encoun-
tered twice in this case, the conjugation operation on q is cancelled.
Hence, in contrast to the single round trip case, any complex radius of
curvature (i.e., both p and w) at the initial plane will yield a self-
consistent solution. The resonator is stable for any real convex or
concave mirror. In Figure 5.4b, a Gaussian beam satisfying the two-
round~trip self-consistent requirement is sketched.

It has been shown above that there exists a large range of
Gaussian beam parameters that satisfy the self-consistency criterion
for both the one- and two-round-trip case. This multitude of acceptable
solutions follows from the very nature of the phase-conjugate mirror.
Since only one constraint is specified within the resonator, in this
case the curvature of the real mirror, and together with the fact that
the conjugate mirror replicates any field incident upon its surface, no
unique set of p and w exists within the phase conjugate resonator.

In the above analysis, the frequency w of the Gaussian beam is
the same as that of the pump waves illuminating the nonlinear medium
where the four-wave mixing takes place. If the incident wave is at a
frequency wt+s while the pump waves are at the frequency w, the induced
nonlinear polarization and hence the reflected conjugate wave, is at a
frequency wtw-(w*+s) = w-§. The frequency deviation & can be greater or
smaller than zero. Specifically, if the incident Gaussian beam is

2
= ' ; S - Syvi, - Sy kr”. g
E; Ei(r)exp{1[(1+-w)wt (1-+w)kz (1-+w) 24 ] + c.c. (5.31)

where k = wn/c, the reflected field from a conjugate mirror located at

z=0 1is
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5 2
E o« EX(F) exp{il(1-Sut+ (1-Dkz- 1+8) KV v cc.  (5.32)
i 1 w w w 2(_q*)
i
which can be rewritten as
E o« E¥(r) exp{il(1 - Dot + (1-Ykz-(1-8 £<—‘33} ¥ (5.33)
r i p ww ~ % _u) qu CsiC. .
where (1 —§J
w
Gp = ~9f == (5.34)
(1+5)

The reflected field, at the frequency w-8, propagates with a slightly
different radius of curvature. The ray matrix, relating 9; to A in
the same way as given in (5.24), is represented by

-2 0

(5.35)
0 (14,

N
i

which reduces to the matrix in (5.23) when & is zero. Using the same
self consistent formalism, this ray matrix can be used to find ﬁhe con-
straints on p and w forthe one- and two-round-trip case. It can be
shown in a straightforward way that no solution exists for the one round-
trip case, and a unique solution exists for the two-round-trip case,
leading to interesting longitudinal and transverse mode spectra. However,
the reflectivity of the conjugate mirror decreases rapidly with increas-
ing |8| due to phase mismatching [8] and hence these spectra are not
easily observable and will probably be of limited practical importance.
The phase conjugate resonator is useful mainly when used in the
degenerate case when all oscillating modes are locked to the same fre-

quency w as that of the pump beam. It will correct for any intracavity
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phase aberrations and has been experimentally found to allow oscilla-
tion even in a conventional unstable cavity configuration [9].

Other applications of phase conjugate optics include optical fil-
tering [8,10], compensation for group velocity dispersion in communica-
tion channels [11], optical gating, and others. Active research is
still going on in this relatively new area. Many promising and exciting

applications are yet to be explored.
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Chapter I

INTRODUCTION

1.1 Motivations for Studying Nonlinear Optical Effects Inside Fibers

The use of low-loss optical fibers for communication purposes has
already become a reality. Large research efforts [1] have been devoted
to the study of fiber properties such as the materials, scattering, and
absorption Tosses, dispersion, mode characteristics, and fabrication
techniques, etc. The objective is to understand and thus to control the
transmission of light inside fibers under different conditions. The
problems are primarily concerned with the linear response of the fibers
to optical radiation. There exist, however, reasons for investigating
nonlinear effects inside the fiber [2]. One reason is that of pure aca-
demic interest. An optical fiber is capable of guiding electromagnetic
waves over long distances, with little attenuation, and simultaneously
confining them to a small cross sectional area. This resu]ts-in a long
interaction region of high optical intensity even with small incident
optical power. This situation is favorable for observing nonlinear op-
tical phenomena, making tHe experiments and the measurements of non-
linear material properties a great deal easier. There are also practical
motivations. In optical communication, it is desirable to increase the
distances between repeater stations, which necessitates the use of large
optical power for signal transmission. It is thus crucial to know the
Timitations of the fibers in handling large optical powers [3]. For

example, it will be important to know the threshold power level for
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various nonlinear effects and their effect on signal transmission.
There are also devices built or proposed, such as the fiber oscilla-
tors [4,5] and some fiber gyro, based on the principle of nonlinear
optical effects. The study of ﬁon1inear optical phenomena in fibers
will help to improve the performance of such devices and the invention

of new devices.

1.2 Properties of Optical Fibers

The properties of optical fibers and their use for information
transmission are reviewed briefly in this section. The structure of a
typical optical fiber consists of a cylindrical core surrounded by a
cladding layer which in turn is protected by an outer jacket region.
When an electromagnetic wave travels along such a fiber, its energy
propagates mainly inside the core medium, the wave being guided by total
internal reflection at the core and cladding interface because the re-
fractive index of the core is made slightly higher than that of the
cladding. A component of the electric field propagating inside the

fiber can be written, for example, as

EX =y exp(iwt) + c.c. (1.1)

where y, the complex field amplitude, obeys the'wave equation,

2 wz 2

Vi + =T (xy)p = 0 (1.2)
o

w i1s the oscillation frequency of the wave and c¢ is the velocity of

light in vacuum. n(x,y) is the index of refraction profile of the

fiber and is uniform along the guiding direction z. The gehera1
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solution of equation (1.2) is

V=) A Ean(xsy) expl-a

A 2 - 1anz) (1.3)

m

A, is an arbitrary constant andéfmn(x,y) is the (m,n) eigenmode of the
fiber. - and an are the attenuation constant and the propagation
constant of the (m,n) mode, respectively. The functional form of
6nm(x,y) depends on the particular index of refraction profile of the
fiber [6]. 1In general, there are two kinds of modes, the guided modes
and the radiation modes, analogous to the bound and free states of a
particle in a potential well in quantum mechanics. The energy of the
electromagnetic wave in a guided mode is confined in the fiber core
region, while the energy radiates out of the fiber for a radiation mode.
These eigenmodes form a complete set so that any electromagnetic wave

distribution can be expanded in terms of a linear combination of them.

The modes can also be normalized such that

[ee]

T [Laxay €550 €

-0

mn(x’y) B éiméjn (1.4)

The propagation constant of a guided mode 1lies in the range kncj;anj;knO
where e is the refractive index of the cladding Tayer and ny is the re-
fractive index at the core center. If an is smaller than knc, then the
mode is a radiation mode. The number of guided modes depends on the
geometry of the fiber, the wavelength of the propagating light, and the
difference in refractive indices between the core and the cladding.

The frequently used method for information transmission through

optical fibers consists of encoding the data into a train of 1ight pulses,
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sending them through a fiber, and then decoding the pulse sequence to
recover the data at the receiving end. Because of group velocity dis-
persion, the pulses spread out in width as they travel along the fiber
and eventually will overlap each.other, resulting in a loss of informa-
tion. This effect thus imposes a 1limit on the amount of information that
can be transmitted per second. When direct pictorial transmission is
desired, a bundle of fibers is used to transmit the spatial distribution
of the light intensity of the illuminated object or picture. The resolu-
tion of the image that can be transmitted is limited by the diameter of
the individual fiber in the bundle; and only two-dimensional pictorial
information can be transmitted. In principle, three-dimensional pic-
torial information, i.e., both amplitude and phase, can be transmitted
through a single multimode fiber [7]. The resolution of the picture is
determined, in this case, by the number of guided modes of the fiber.
However, the incident picture field excites many fiber modes, each of
which propagates with a slightly different phase velocity. At the re-
ceiving end of the fiber, each mode has acquired a different phase, and
the pictorial information is lost if the relative phase differences
exceed 2m. This condition imposes a 1imit on the length of the fiber
that can be used and the number of excited fiber modes, hence the resolu-
tion of the picture, allowed.

The technology of fiber manufacturing has made significant progress
lately. Fiber 1loss is now approaching the 1imit of Rayleigh scattering,
with attenuation less than one dB/km. Also, by controlling the refractive

index profile of the fiber, it is possible to reduce the modal phase and
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group velocity dispersions. It has been discovered that both the absorp-
tion and material dispersion go through a minimum at a wavelength of
1.3 um. This has Ted to the development of new coherent sources operat-

ing at this wavelength.

1.3 The Main Features of Nonlinear Optical Effects Inside Fibers

Nonlinear optics was actively pursued only after the development

of high power lasers because these nonlinear effects are small and require
large optical intensities in order to be observed. Typically, the signal
is proportional to the product of the 1ight intensity I and the length L
of the interaction region [2]. Large optical intensity can be achieved

by focusing a laser beam with a lens into a small spot within the non-
lTinear medium. However, this beam diffracts rapidly, and the length over
which the high optical intensity can be maintained is limited. For a
given laser power P, the_product
Té

A

P P
L = - : (1.5)
TTWO

W, is the radius of the spot size and the 1nter%ction length is limited
W

~X9-[8]. Thus I-L is a

constant and is independent of how strongly the beam is focused.

by diffraction to be the confocal parameter,

The nonlinear effects which occur inside optical fibers are not
different from those observed in the bulk material. The only difference
is in the geometry of the interaction region. If the same Taser power

P is coupled by a lens into a fiber, the product
L= P (1.6)
o
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where o is the core radius and L is the fiber length. For a single
mode fiber, Ps is on the order of several wavelengths; and for a several
meter long fiber, the term in equation (1.6) is six orders of magnitude
larger than the term in equation'(l.S). This implies that nonTinear
effects which require pulsed, Q-switched megawatt power lasers in order
to be observed in the bulk can be observed with CW powers of several
watts in a fiber. The power requirement can be further reduced if a
longer fiber is used. There are, however, a couple of limitations on the
length of the fiber to be used. The first limitation is the loss in the
fiber itself. Each fiber has a loss coefficient o expressed in cm"] or
dB/km. If the fiber length is longer than 1/a, the signal and the input
powers are severely attenuated and the output will be small. Another
limitation is the coherence length of the incoming 1light. Some nonlinear
effects are proportional to the product of the amplitudes of the pump
waves instead of their intensities. This implies that in order for the
signal generated in different sections of a fiber to add up in phase, the
pump waves have to maintain a constant phase throughout the whole interac-
tion region. Therefore, if the length of the fiber is Tonger than the
coherence length of the pump waves, destructive interference will occur
to reduce the amplitude of the output signal. Nonlinear processes such
as the stimulated Raman scattering depend on the intensity of the pump
wave andare therefore not subject to this constraint.

Fiber materials such as glass or liquid for liquid-filled hollow
fiber are amorphous. These substances have a macroscopic inversion sym-

metry. This implies that nonlinear processes such as second harmonic
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generation and three-wave mixing, where the induced nonlinear polariza-
tion is even order in the electric field, cannot occur inside these
fibers [8]. The processes that will be discussed in this part of the
thesis are third order non]inear.processes which can occur in any mate-

rial.

1.4 OQutline of Thesis Part II

In Chapter 2, a theory and an experiment for phase-conjugate wave
front generation by degenerate four-wave mixing in a liquid filled fiber
are described. In Chapter 3, a model for describing the stimulated Raman
scattering will be given. Emphasis will be on fused silica fiber. A
theory for CW Raman oscillation in optical fibers will be presented in
Chapter 4. The analyses of Raman scattering and Raman oscillation dis-
cussed in Chapters 3 and 4 are easily applicable to describe the stimu-
lated Brillouin scattering process. These two stimulated processeé are
the most intensively studied nonlinear effects inside fibers in the last
ten years. Other nonlinear effects will be mentioned in Chapter 5, and

their applications will be discussed.
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Chapter 2

PHASE CONJUGATION BY DEGENERATE FOUR-WAVE MIXING IN OPTICAL FIBERS

2.1 Analysis of Degenerate Four—ﬂaveﬂMixing inside an Optical Fiber

The phenomenon of four-wave mixing is a third order nonlinear op-
tical process; generally it needs high-laser-beam intensities and long
interaction lengths in order to be observable. These conditions become
less constraining when the interaction takes advantage of near-resonant
atomic transitions. However, due to the ability of an optical fiber to
guide Tight within a small cross-sectional area and over a long distance,
even a small incident Tlight power results in a sufficient intensity
inside the fiber for nonresonant nonlinear phenomena and devices to be
studied. The app]fcation of four-wave mixing to the generation of phase-
conjugate wave fronts was discussed in detail in Part I. 1In this section
the possibility of four-wave mixing in multimode optical fibers will be
discussed. It will be found that complex image fields can be phase-
conjugated and amplified without Toss of spatial information, i.e.,
without mode mixing. A calculation shows that this can be done on a CW
basis with moderate (v 1 watt) pump powers in a few meters of fiber. This
suggests that four-wave mixing in fibers is a serious candidate for real-
time holographic applications including image transmission and compensation
for distorting media. |

The basic geometry involved in the experiment is illustrated in
Figure 2.1. An input field Ei is incident on a fiber whose core medium

possesses an appreciable third-order nonlinear coefficient X(3). The
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input field Ei may correspond to an image field transmitted by another
fiber or to some other field whose phase conjugate is sought. The fiber
is multimode with a number of propagating modes essentially equal to the
number of resolution elements céntained in the incident field Ei' The
fiber is pumped simultaneously by two strong, oppositely traveling
fields, Ep] and Ep2 whose frequency is the same as that of Ej. A re-
flected field Er’ generated by the four-wave mixing interaction, will
be shown to be a complex conjugate of the input field. For sufficiently
intense pump waves,_Er will be an amplified phase conjugate version of
the input field Ei' The pump waves are taken as

1 i(wt—B]Z)
E . = E-E ](x,y) e + c.c.

j(wt+ B]z)
(x,y) e + c.c. (2.1)
These pump fields will be éoup]ed ideally into the lowest order propa-
gating mode of the fiber so that‘their confinement over the full inter-
action length is assured. The input signal wave Ei and the reflected
output wave Er are expanded in terms of the propagating eigenmodes

f&jx,y) of the fiber as
i(wt—Bmz)
Bm 2)5 (x,y) e + c.C.

i(wt+ B 2)
AR éi (x,y) e 2 4 c.c. (2.2)

E;

N[ —

m
-

1}
N —

;
)
g

The complex amplitudes Bm(O) are determined by the input conditions. We

are seeking a solution for Bm(z) and Am(z). The wave equation is
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VE - e(¥) 25 = w25 by (r,t) (2.3)
ot ot
The functions E&(x,y) satisfy (2.3) with Py = O
32 82 2 2 >
(=% + <5 - 8,) & (xy) + wue(r) & (xy) = 0 (2.4)
X ay
and are orthonormal such that
” dxdy € (x,y) E_(x.y) = 8, (2.5)

- CO

Substituting equation (2.2) into equation (2.3),
2

3¢ g I L, ldA
y [(_?+-—~2__32+w ug(r))7+1gR ot g ]6 exp[1(xt+8 z)]+c o
& 9x 3y dz
oy 3 (2.6)
= 22 B (r,t) 2.6
at2 NL _

Using (2 4) to e}1m1nate the first factor inside the square bracket, and

assuming that l——~—. << |g | leads to
dA u32 .
'Z 2 dz CSZ exP[1(wt-FB Z)]-FC C. = __?-PNL(r’t) -(2.7)

&

In a similar fashion we obtain for the input field

dBm ‘ 82

———é expli(wt - Bmz)] +c.c. = 2o p (r,t) (2.8)
The induced nonlinear polarization is third order in the field amplitudes

and is taken as

w=wtw-w _ (3)
PNL = X Ep]Esz1 (2.9)
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Substituting (2.9) into (2.7), we obtain

dAl 1822 1.(1)2U><(3) . 15mz
% Bz dz é&(x,y)e - ) Ep]Epz % Bm(Z)éim(X,Y) e (2.10)}

In a similar fashion from (2.8),

SE .2 .(3) g
LU (2 Sl * 2
% . dch (x,y) e = - Bk % A(z) & (x.y) e -

(3)

or by conjugation (and taking Ep], Ep2’ and x as real)

dB ez .2 (3) -_
L b @z Cnleoy) @ 1= R EE p2 [ Ay(2) E(y) eV (2.12)
m

Multiply (2.10) bytf,S and integrate over the cross section using (2.5)
dA_ . 2 (3) i(8 -B_)z

S _ 1w uX * m - s
g B 26, ) Bm(z) e J J . p2 E; dx dy (2.13a)
€4S,

and from (2.12)

S _ 1w uX ZAm(Z) e

dz 28, 5 é dx dy (2.13b)

J pl p2
« Sie

By ;2 (3) i(em—es)zJ
¢
Equations (2.13) are the basic coupling equations. We note that a given
mode As of the reflected field is coupled to all modes Bm of the incident
field. This is undesirable, since it causes a loss of spatial information.
Two physical facts combine to remedy this mode scrambling: (a) We note

-1

that for a length of fiber L >> Zﬂ(Bm—Bg) , modes AS and Bm are grossly

mismatched so that no cumulative power exchange between them can take
place unless B, = Be- (b) In addition, if the pump fields Ep](x,y) and

Epz(x,y) are more or less uniform over the cross section, then the overlap
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integrals appearing in (2.13) are zero unless m = s. The combined ef-
fect of (a) and (b) is that a given reflected mode AS of the reflected
field couples almost exclusively to the incident field mode of the same

index, i.e., to Bs' We thus have:

dAS - 'inUX(B) E E _B*
dz ZBS pl p2-s
dB* . 2 18]
S _ 1w uX
o 285 Ep1Ep2As _ (2.14)

Since the input field Ei is specified, the mode amplitudes BS (z=0) are
given. Another boundary condition is that the reflected field Er is zero
at the output end z=L of the fiber, so that AS(L) = 0. With these

boundary conditions we can solve (2.14), obtaining

_ sp* i
As(z) = 185(0)(S1n K Z - tan KSL cos KSZ)
Bs(z) = BS(O)(tan KSL sin-Ksz + cos KSZ) (2.15)
wqu(3)E 1E 2
where Ky 58 PLPe  Equations (2.15) display the same amplifica-
s

tion and oscillation features as the plane wave case [1]. We are particu-
larly interested in what happens to the image information. We find that
at z=0,

A (0) = —iB:(O) tan kL (2.16)

The total reflected image field can be reconstructed,using equation (2.2),

as
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E (x,y,z=0) = -i tan «L ) 5 BX(0) &, (x,y) exp(iwt) +c.c. (2.17)
r i 2 % {

where, neglecting the weak dependence of Ko On s, we took K = K. The
original input field is, according to (2.2)

B,(0) .
E;(x.y,2=0) = T H— &, (x.y) e+ coc. (2.18)
e

so that as far as the total complex field amplitudes are concerned, we
have

E (x,y,z=0) = -i tan(xL) E?(x,y,z==0) (2.19)

o

The reflected field at the fiber input is thus an amplified (for

kL > 1/4) complex conjugate replica of the input field.

The tremendous advantage of performing the phase conjugation inside
a fiber is due to the fact that pump waves can be Tlaunched as fiber modes
so that large pump intensities over the whole interaction path can result
from moderate pump powers. If we consider, as an example, a multimode

and take the
-12

fiber with a core diameter of 20 um which is filled with C32

two pump wave powers as 1 watt, we obtain (using X(3) < 1.2x10 esu)K
> .5 ><]0_4 cm_], so that kL = 1 is achievéd with a fiber length of

L = 20m. It should be noted that if the pump propagates as a low order
mode, the overlap integrals of (2.13) may be appreciable for near-lying
modes, i.e., incident and reflected modes of different indices can inter-
act. This interaction, however, is negligible, since the phase mismatch
(BS—Bm)L can be shown to be >> 27 in the above example.

The theory and example presented above clearly demonstrate the ad-

vantage of performing four-wave mixing in long fibers. Under such
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conditions, it is important to consider the effect of optical absorption.
If the intensity absorption coefficient of the four waves involved in
the interaction is taken as o, we obtain instead of equation (2.19),

-2ik tan(KeL) exp(- l-o,L)

E(xy,0) = — tan(i L) + 2, . E:(X’y’o) (2.20)
where €, = [Kzexp(-aL) - (%—a)zj]/z. It follows from (2.20) that for
substantial reflections we need fulfill oL << 1, « > %&x. Ifal >> 1,
then

Er(x,y,O) : 1 K
FfT?j}fﬁT’: -1 exp(- 5 ol) = (2.21)

The pump intensity in the above example is below that for the onset of
stimulated Brillouin scattering in CS, and also is such that amplified

spontaneous Stokes radiation is insignificant [2].

2.2 Demonstration of Degenerate Four-Wave Mixing in a Liquid-Filled
Fiber

In this section, the observation of cw backward-wave generation
using degenerate four-wave mixing in a nonresonant medium will be re-
ported. The interaction took place inside a 3m long CSZ—f111ed 4 um i.d.
optical fiber. Defining the backward-wave conversion efficiency as the
ratio of the reflected wave intensity to the input wave intensity, a
0.45% conversion efficiency was measured with a pump power of 6 mW inside
the fiber.

In the experiment sketched in Fig. 2.2, the pump and the probe waves

originated from a cw single transverse and longitudinal mode argon ion



-85-

laser, operating at a wavé]ength of 51458. The laser output had a 10 m
long coherence length, which ensured the coherence of the nonlinear inter-
action over the entire fiber length. The two fiber ends and-the objective
lenses were carefully aligned ta allow maximum coupling of the two
lTinearly polarized pump Seams into the lower order fiber modes. Typi-
cally, fifty percent of the incident 1ight was coupled into each end.

Each fiber end was securely positioned inside a stainless steel CSé-
filled cell (not shown in the figure). The CS, inside the cell was under
a nitrogen pressure of 80 psi, which prevented the Tiquid from boiling
when illuminated by the focused pump beams. The probe beam, whose power
was roughly equal to that of the pump beams, was introduced nearly paral-
lel to the forward-going pump beam, Ep], and was coupled into the fiber

by the same objective lens. Since the probe beam wassliahtly separated
from the on-axis pump beam, the coupling efficiency was typically a fac-
tor of fiye lower than that of Ep]. A11 the beams were chopped {at 57 Hz)
to reduce the duty cycle (and consequently to inhibit the degradation of
CSZ) of the optical fields as well as to allow the usage of temporal
discrimination techniques for the detection of the backward signal. The
probe beam also passed through an optical isolator consisting of a Tinear
polarizer and quarter-wave plate prior to coupling into the fiber. This
isolator served two functions. First, it minimized any spurious Fresnel
reflected probe signals from_interfering with the backward-going wave.
Second, being a po1arization dependent phase "aberrator," the isolator
would pass only the conjugate probe field, which could correct for this
phase "distortion." Hence, the conjugate reflection of anRHCP field,

which is also an RHCP wave, will be passed by the isolator in contrast
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to an LHCP wave which is the result of a Fresnel reflection.

Due to the proximity of the probeand pump fields (constrained by
the aperture of the objective lens), additional background noise arose
from both the forward-going pump, Ep] (via Fresnel reflections), and the
counter-propagating pump, Ep2 (due to the residual throughput from the
fiber). Attempts to reduce these background noise sources via polariza-
tion discrimination were not utilized due to bo]arization scrambling of
the fields within the 3m Tlong fiber. In order to extract the conjugate
signal from the background by using temporal discrimination techniques,
the pump beams and the probe beam were chopped with different "on" dura-
tions as shown in Fig. 2.3. The conjugate wave was generated only in the
time interval when both the pumps and the probe passed through the chopper.
During the interval when the beams did not overlap in time, the 1ight de-
tected was due to the Fresnel reflection of Ep] and the residual through-
put of Ep2’ plus residual Fresnel reflections of the probe wave that
leaked through the isolator. The conjugate signal was obtained by sub-
tracting the signal detected during the non-overlapping time intervals
from that of the overlapping time interval. The conjﬁgate signal disap-
peared when either pump beam was blocked. For an input power of 6 mW in
each pump.beam within each fiber end, a conversion efficiency of 0.45%

3

was observed. For n=1.628, 0.=2.5x10" cm—] [3] and (2nx(3))/n =

1.1x10°

esu [4], equation (2.20) predicts a conversion efficiency of
0.23%. The discrepancy between theory and experiment can be attributed
to the rough estimate of the conjugate signal as well as the values of

o and '3 used in (2.20).
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The pump powers we used were well below the threshold for both
stimulated Brillouin scattering and Raman scattering [2]. The backward
wave was observed only when both pump waves and the probe wave overlapped
in time, even at a larger pumping power; thus other nonlinear effects
such as optically induced birefringence or thermally induced index of
refraction changes could not have generated the signal that was observed.
A]though there is polarization scrambling inside the fiber, a simple con-
sideration of.the magnitudes of the various third order susceptibility
tensor elements [5] shows that the dominant backward-wave signal is in-
deed proportional to the complex conjugate of the probe signal.

In a separate experiment, we used only two waves, Ep] and Ep2’
which were chopped with different duty cycles. In this case, a 1.6 m
long 7 wm i.d. CSZ—f111ed fiber was used. Prior to entering the objec-
tive lens, Ep] passed through a crosshair made of fine wires, so that its
diffracted wave had additional structure surrounding the céntra] spot. The
purpose of the crosshair was to divert some energy of Ep] to higher order
fiber modes. The Tight in the : igher order modes essentially served as
the probe wave as mentioned in the previous experiment. A backward-going

wave was also detected as in the previous case. With E_, blocked, a

pl
bright spot was observed that was due to the residua1_]ight from Ep2
emanating from the fiber. When both Ep] and Ep2 illuminated the fiber,

we observed additional spatial structure in the form of a peripheral ring,
which was not due to the Fresnel reflection of Ep]. At higher pump powers,
distinct dots were seen that surrounded the central bright spot. This
indicated that a backward-going wave with its energy ﬁain]y located in the

higher order fiber modes was generated.
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In conclusion, a cw backward-wave generation by four-wave mixing
in optical fibers was demonstrated. In addition, the phase conjugate
interaction was shown to be ab]g to correct for polarization dependent
aberrations and distortions such as optical component birefringence.
The Tifetime of the CS,-filled fiber was rather short(on the orderof a
few hours), especially when subjected to continuous laser beam illumina-
tion. Other Kerr media such as benzene or possibly a mixture of C52 and
benzene may alleviate this problem and thus yield potential practical
device applications. Finally, I would like tb point out that high

fidelity phase conjugation has been demonstrated with multimode pump

waves [6,7].
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Chapter 3

STIMULATED RAMAN SCATTERING IN OPTICAL FIBERS

3.1 Introduction

Stimulated Raman scattering is probably the most intensively
studied nonlinear optical phenomenon in fibers. Since the first demon-
stration of a fiber Raman oscillator in 1970 [1], significant progress
has been made in this area [2-10]. Raman scattering in waveguides made
of C52 [1], benzene [3], hydrogen [11], and fused silica [12] have been
investigated. Special attention has been devoted to silica fiber be-
cause of the broad band width of its Raman cross section, which offers
a large tuning range for a silica fiber Raman laser. The Raman effect
in a molecular medium is an inelastic photon scattering process where a
pump laser photon is absorbed and a Stokes photon is emitted with the
simultaneous excitation of a vibrational mode of the molecule. The fre-
quency of the Stokes photon is down-shifted from that of the pump photon
by the vibrational frequency. At sufficiently intense pump power, this

.process becomes a stimulated effect. The molecular medium in the presence
of the pump wave can provide gain to an electromagnetic wave at the Stokes
frequency and is capable of amplifying any spontaneously scattered Tight.
The theory of stimulated Raman effect has been extensively discussed by
many authors [13-16]. The usual analysis treats the pump wave as a con-
stant throughout the medium so that only the wave equations for the
vibrational wave and the Stokes wave need be considered. However, when.
the length of the medium is 100 m, or even 1 km which is the case for

Raman scattering in an optical fiber, a new treatment including the
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depletion of the pump wave is necessary to adequately describe the
interaction.

This chapter considers the problem of forward Raman scattering
process in a single transverse ﬁode fiber. 'Bofh pump wave depletion
and spontaneous scattering are considered in the analysis. Analytic
solutions of the governing differential equations are obtained. The
conditions under which a nondepleted pump approximation is valid are
examined. Expressions are derived for the maximum fiber loss and the
minimum fiber length, which allow significant pump to Stokes wave con-
version. It is shown that for a given fiber length, there is an opti-
mal pumping power, or at a given pump power, an optimal fiber length
that yields maximum first order Stokes power output. Good agreement
with publiéhed experimental results in thrgsho]d power prediction is
obtained. The treatment is general enough to describe Raman scatter-

ing in any fiber, either silica or liquid-filled fiber.

3.2 The Small Signal Theory

Before discussing in detail a complete treatment of the stimU—
lated Raman process in fiber, the small signal theory [17] will be
summarized. The depletion of the pump wave due to the nonlinear process
is neglected in this theory by limiting the discussion to cases of low
conversion efficiency such that the generated Stokes-wave power is
smaller than the pump-wave power at every point along the fiber. The

pump power Pp is assumed to propagate along the fiber as

P(2) = P exp(-uz) | (3.1)
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Ppo is the input pump power at the fiber input end, z = 0. up is the
fiber attenuation constant at the pump frequency. The goverhing equation

“for a forward traveling Stokes wave is

dP

d—zi = - P+ % PoPs (3.2)

PS is the Stokes power, a is the attenuation coefficient of the fiber
at the Stokes frequency. g is the frequency-dependent Raman gain coef-
ficient in units of cm/Watt. A i3 the cross sectional area of the fiber.

The solution to equation (3.2) is

gP
Ps(z) = P exp{—asz4-a;£9-[1 —exp(—upz)]} (3.3)

In an actual experiment, the Stokes power input PSO is zero and any
Stokes power output is due to amplified spontaneous scattering. It will
be shown in the next section that this spontaneous scattering amplifica-
tion can be modelled by assuming a fictitious input of one photon per

mode (both transverse and longitudinal) of the fiber. Therefore, for

z >0,
P.(z) = ) J dvhv exp{-o_z + —E% [1 - exp(-a_z)]} (3.4)
S s™ oA p
transverse p
mode h

The frequency dependence of g can be taken as Lorentzian, i.e.,

2
(AvR/Z)

g(v) =g

" .(3.5)

(v-v5) + (avp/2)’

9e is the peak gain centering at the central frequency Ve and Aop is the

Raman linewidth. Since the major contribution to the integral in equation
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(3.4) comes from a small frequency region (v-vs) centered on Voo the

gain coefficient can be approximated as '

(v-v,)
g(v) = g L1 - —=—] (3.6)
(Avp/2)
and thus
P ( ) i E (h ) { +£p0 [] ( ):H}B
ar = ' Ve i Q102 = [1 -exp(-a_z :
> L.transverse > S upA P P of f
mode (3.7)

where the effective bandwidth is
) A\)R { TTOLpA 1/2

eff 2 gstoL] —exp(-uéET]} | (3.8)

B

The result in equation (3.7) implies that even though the Raman gain is
frequency dependent as given in (3.5), the Stokes wave output behaves

as if the gain is a constant, 9> over a finite band width, Be £ and

f
zero elsewhere.

3.3 Spontaneous and Stimulated Raman Scattering in Long Low Loss Fibers

In this section, a model is pfesented for descrfbing the stimu-
lated Raman scattering process, in the forward direction, through a
single transverse mode fiber. Pump wave depletion that is due to the
nonlinear interaction, plus spontaneous scattering are both incorporated
in our model. The previous analysis due to Smith [17], which neglects
pump depletion by the stimulated process but allows for linear absorp-
tion of the pump, is found to be valid in the case of high loss fibers,

which were the only ones available when Smith considered this problem.
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The neglect of pump depletion is not valid in treating today's Tow loss
fibers (< 4 dB/km); and the present analysis constitutes an extension
to this practically important case.

Consider the total pump pbwer to be concentrated in only one
pump mode and to be injected into the end of a singlé transverse mode
fiber at z=0. As this pump wave propagates along the fiber, it is de-
pleted by linear absorption in the fiber as well as by down conversion
to Stokes photons. The differential equation governing np, the pump

wave photon number, is

dn
_p = ' ...
g Ny Yonp(ns] Fl+n,+ 1+ +nu.. +1) (3.9)

Subscripts p and s refer to the pump and Stokes photons; up is the
absorption constant of the fiber at the pump wave frequency; Te is the
nonlinear gain constant associated with the Raman process; nSj is the

photon number of the jth

longitudinal Stokes modes; q is the number of
Stokes mades participating in the interaction. The integer 1 that goes
with each Stokes mode accounts for the spontaneous scattering into that
mode [16]. Each Mg s Qbeys the equation

dn .
SJ

> asnsj = yonp(nsj4-1) (3.10)

The total Stokes photon number 1is
q

n.= ) n_. (3.11)
s 4oy S

and it satisfies the equation
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dn

S _
sk G, = yonp(ns-Pq) (3.12}

Qg is the absorption constant of the fiber at the Stokes frequency. The

initial conditions are

=0 =
np (z=0) npo
nsj(z==0) = Mess (3.13a)
n (z=0) = n . =n
S j2p  sdo S0
and we define
n = n__ +n (3.13b)
0 po o)

to be the tbta] input photon number.

In equations (3.9)-(3.13) we made the approximation that the gain
constant v is the same for all the g modes partaking in the interaction.
The exact procedure would be to allow each Stokes mode j to have a gain
Yj = y(vj) which is proportional to the Raman line shape. The nonde-
pleted pump analysis shows that the correct result is obtained if we
take Y5 to be a constant over an effective Stokes input bandwidth Beff
and take it as zero elsewhere. This is due to the combined frequency
dependence of y(vj) and the exponential nature of the amplification proc-
ess, which, together discriminate strongly against Stokes modes removed
from 1ine center. In the presence of a finite Stokes wave input of band-

width Avs, the effective bandwidth following the derivation in the Tlast

section is
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by J’ n '\Q/z
Berr = 3 ' (3.14)

Y. n
oG 1 - enplyz )+ (v, )

Avp is the Raman linewidth. In fhe absence of a Stokes wave input, any
significant Stokes wave buildup at the fiber output end is due to
single-pass superradiant emission. In this case,
g | " 1/2
Betf = 2 8+15)

YD '
DLy exp(-a_z)]1
o p

for large z. The effective number of Stokes modes q is taken as the

number of longitudinal fiber modes falling within Beff and is
q=n_. LB | (3.16)
eff ¢ “eff : o

whére Noff is the effective mode index of refraction (in practice essen-
tially the fiber core index), and L is the length of the fiber.

We have compared the results of the analysis based on the effective
bandwidth concept to a numerical analysis using a frequency dependent
gain. The results, described further in this chapter, justify the use
of Beff'

In silica fibers, Stokes shifts are confined to a frequency less
than several hundred wave numbers [12], and hence o is nearly equal to
Q- This is especially true in the 1 um wavelength region where o is
near its minimum and do/dx is small. We shall assume that this is

indeed the case, and let 0 = 0g = 0. Adding equation (3.9) and equa-

tion (3.12), we get
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d

o h”)+ns) + a(np-kns) = @ (3.17)

Hence, the total photon number varies as

np+nS = B exp(-az) A (3.18)

This is merely a photon conservation statement indicating that the non--
linear interaction conserves pnotons; and a decrease in the total photon
number is due solely to absorption in the fiber medium. Substitutinag

equation (3.18) into equatﬁons (3.9) and (3.12), we have

dn__ 0
B - - 2
=t np[a-*qyo-Fyono exp(-0z)] Yol (3.19)
and
dnS ; 5
2 ns[a4-qy0-yono exp(-oz)] = Yl T Y b, exp(-az) (3.20)

Equations (3.19), (3.29), and (3.10) with the initial conditions (3.713) can

be solved exactly. The solutions (whose derivations are given in the
Appendix) are

n_exp(-az)

n(z) = e . fzen)
P T+g+n
n(z) = n_ exp(-az) 520 o (3.22)
T+g+n
n, exp(-az) NS o ]
ngi(z) = (=¢e+gn) (3.23)
J 1+g+n S0 g
wnere
"So Yoo
g = e exp{qyoz + —7;~-[1 -exp(-0z)]1} (3.24)

po
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and

vy o (Yono) {1-exp[-(2oray )z1}
99 exp(-0z)] 7 ¢ . o —

|
Q,:O (Q’O('+ qYO)’Q"

n = qy, explay z -
‘ (3.25)
£(z) describes the conversion from pump to Stokes photons due to a
finite Stokes photon input Neor n(z), on the other hand, describes

amplified spontaneous scattering.

For typical pumping powers of a few watts, npo >> q and

npo >> N s SO that Hs npo' The ser1esY12 Fq. (3.25) can very well
be approximated for large z by — exp( 2 O), and
Yonpo
q Yoo
M ® wo exp{qy,z + ~== [1 - expl-az) 1} (3.26)

po

We note that in this case n is identical to £ as given by equation
(3.24) provided the input Stokes photon numher g s is taken to be q.
That is, the spontaneous emission output can bhe viewed as due to an
input of one Stokes photon per mode. It is apparent that the amplified
spontaneous scattering can be modelled alternatively by ignoring the
spontaneous effect altogether in the differential equations, provided
an equivalent input of 1 pnoton per mode is ass umed.

In order to relate our model to the experimental results, equa-
tions (3.21)-(3.26) are rewritten in terms of powef. Pp and PS are
used to denote the power in the pump and Stokes waves, respectively.
The changesin the following notation is self explanatory. Equations

(3.21)-(3.26) become
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_ .o '
P fak = foeps (3.27)
Vs &+
PS(Z) = \—)—F—)- PO exp(-az) m , (3.23)
v. P_exp(-az) P_.
_ s : sjo 1
P . 2 ol _
SJ(Z) \)p ]+€+n (PSO g q T']) (3 29)
v, P gP
- P so S O 1. )
2 \)s T;;('J' exp{—om-— [] exp( OLZ)]} (3.3O)A
v_ ghv_v g.P
) s'g S O py _ B
n 5, Pl exp{ T [1-exp(-az)]} (3.31)
In equations (3.30) and (3.31) we have omitted a factor exp(qyoz) which
v
. . . . : 5 _p~ .
is close to 1 even for very large z. P0 is defined to be PDO + X Pso’

vp and v, are the pump and Stokes wave frequencies, respectively. vg 8
the group velocity in the fiber medium. A 1is the effective cross sec-
tional area of the fiber. 9 is the Raman vower gain coefficient nor-
mally measured in experiments. h is Planck's constant.

Let us consider some of the consequences of equations (3.27)-

(3.31). When £+n << 1,

Pp(z) =Py exp(-az) ; (3.32)

In this limit, the conversion to Stokes photons is negligihle and Pp(z)
according to equation (3.32) is attenuated only by the fiber loss o .
When £+n << 1,

P (z) = X§-P exp(-az) (3.33)

S \Y 0
p
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The conversion is completed and all the pump power has been transferred
v
to Stokes power. Nhen-ci (g+n) =1, Pp equals PS. We define this con-

dition as the threshold condition. The input pump power which causes

v
Gé-(E-Fn) =1 at z=L 1is referred to as the threshold power. When
p
p.ap. 2P .
0 po SO
v ghv_v g.P
8 1 S
g;‘(i-kn) = ﬁ;-(PSO £ o 9) exp{ ZAO [1-exp(-az)l1} (3.34)

v
Figure 3.1 shows 55-[5(2) + n(z)] for different values of a. The

parameters used in plotting the curves are P0 = 1 watt, pso =0,

kp =1.06 um, A_ = 1.12 ym, vy = 400 cm_], g, = 5 x]O_]Ocm/w, and
A = 10" Ten? [17].

For az >> 1,

V 1 QP
S p 1/2

;—-(€'+n) =5 / exp( ZAO) (3.35)
P 0

where
Av
B - R, mA \1/2
p' = hvs ——~-(Y 5 ) (3.36)
00

and is independent of z. If it is smaller than 1, then as shown in Fig.
3.3, no significant stimulated conversion from pump to Stokes photons

will take place. The expression in Eq. (3.35) equals 1 when o = Aoy

which is defined as

g.P '
- 28 (3.37)

oy 1,
A[Sln (-P—-r) --2— n \Cf«max)]

e

(o}
max
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O ax is therefore the upper Timit of fiber loss for efficient photon
V
conversion. Curve (f) in Figure 3.1 shows 55 (+n) at B For those
p
given input and fiber parameters, O ax is 150 dB/km. In the Timit
az << 1,
Vs ' _-1/2 gspoZ
S (E+n) = 5= 27/ exp(—=5>) (3.38)
vp P0 A

and is independent of a. If it is smaller than 1, no significant stimu-
lated conversion will take place, no matter how small o is. The expres-

sion in equation (3.38) equals 1, i.e., threshold obtains at a fiber

length z = Lmin’ given by

o)

A 1

- oy , 1
min = g5 PG + 3 anLy)] (3.3)

Lmin is interpreted as the minimum fiber length required for strong con-
version even at zero loss. For the case shown in Figqure 3.1, Lmin is
eters. nd L . are related by the equati
29 meters Oay 2 sl elat \, e equation
L. =1 ' 3.40
%max “min (3.49)

1

Figure 3.2 shows Pp(z) and Ps(z) for o = 5x 10"5cm" (v20 dB/km),

a high conversion efficiency case. We note the severe pump depletion
occurring at z > 30 m. Figure 3.3 shows Pp(z) and Ps(z) for S In
this small conversion efficiency case, Pp(z) varies roughly as exp(-az)
throughout the whole fiber. In Figures 3.2 and 3.3, we also plotted
P0 exp(-az), which, when compared with Pp(z), indicates the region in

which a nondepleted pump approximation is valid. The same input and
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fiber parameters are used for Figures 3.1, 3.2, and 3.3. It is apparent
from Figures 3.2 and 3.3 that for a given input pump power there is an
optimal fiber length Lopt’ which results in maximum Stokes power output.
Conversely, for a given fiber 1éngth L, there is an optimal pump power
that will give maximum first order Stokes power output. Maximum Stokes

dn

power occurs when *E%': 0. Equation (3.12) tells us that np = u/yo at

that point. Thus.

P (L

oA
aia] 3.41
p opt) 9, ‘( )

and from equation (3.28),

<

] cop) - OA
PS(LOpt) . [PO exp(-az) gs] (3.42)

Ee]

From these relations, we can readily caTéu]ate the optimal pump power
or optimal fiber Tength.

To test the validity of our model we solved numerically for np(z)
and nsj(z), for a particular case, assuming a Lorentzian Raman gain
profile y(vj) centered on the Stokes frequency Vg - A Stokes photon input
with a Gaussian spectral profile is assumad. It has a bandwidth Avs A
equai to 800 cm—] centered on V- We divide the frequency space into
equal segments 40 cm—] wide. vy is then taken to be constant in each

segment but different from one segment to another. The behavior of np

and the injected Stokes photons is described by the equations

= - AR . + 3.43
iz % j=§]0 yJ(NSJ p)np ( )

and



dNSj
az " OLstj 2 Yjnp(’lsj

+ p) . (3.44)

where g = Y(Vj)- |

It is assumed that the input pump photon number is np(z==0)= 10'%,
st is the number of Stokes photons in the jth frequency segment which
is 40j cm'] away from v - The initial excitation of the Stokes modes

10 40j g -
st(z= 0) =10 exp[:— (Avs 2) } (3.45)

The number of Stokes modes, p, in one 40 cm—] segment is 6 x106 for a

is taken as

1 km Tong fiber. The Raman gain constant of the jth segment 1is

Av
R.2
YO(_Z“‘)
Yj -~ i, o (3.46)
Y R
(403)°+ (T)
where y  is 1077 en™1 and the Raman Tine width hvp s 400 en” ', The ab-
sorption constant of the fiber is assumed to be dp = g, = 107 %!,

Figure 3.4 shows the numerical solutions of st(z) for j from 0 to 10.

The plot for j=-10 to 0 is a mirror image and is omitted. In the figure,
-10
A

10 lsj(z) is shown in steps of 5 meters from z = 0 to z = 150 meters.
At z=150 meters, N is 2.5 x10'3 and it drops, 80 cn”! away, to N,,
equal to 8 x]O]Z, indicating a full spectral width at half maximum at

z=150 m smaller than 160 cm"].

The numerical solution shows that the
Stokes wave bandwidth is a function of distance, decreasing with z until
maximum conversion is reached. At this point the linear absorption begins

to dominate and the bandwidth stays constant for the remainder of the fiber
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Fig. 3.4 st(z) X 10'10 for j from 0 to 10, and for z from 0 to 150 m
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lengths. Figure 3.5 shows np(z) and ns(z) obtained both numerically

and analytically. The close agreement, especially for large z, between

the two results is apparent. This Jjustifies the use of the effective

bandwidth (3.14); however, the analytical solution does not yield de-

tailed information about the spectral evolution of the Stokes radiation.
As a further test of the validity of the model, our solutions

are compared with published experimental results. At small Stokes pover,

g P

PS(L) is proportional to exp{ ZAO [1-exp(-cL)]}. The rapid nonlinear

rise in P_ as PO is 1ncreased was indeed observed and reported [3].

Another test is the prediction of threshold pumping power of the single-
v
pass superradiant emission. Threshold occurs when Sé'” =1 or

p

gP» hold
s .4 exp{ = tnrgz1o1. [1-exp(-aL)]} =1 (3.47)

Pthresho]d L

h\)V ]
q __%_g_ is the power of the fictitious input of one photon per mode

n L
eff
¢ Begpr aNd Bope

equation (3.15). Thus the threshold occurs when

for the superradiant emission. q is is given by

hvs VR 7oA ]1/2
r - -
2Pt hreshold  Js threshold] - exP(-oLl)T
0Py
2 exp{ S th££5h01d [1- exp(—aL)]} -1 (3.48)

Consider the case of a recent experiment [18]. A silica fiber, 175 m

7

long with an effective core arca of 4.58x 10~ cm2 was pumped at 1.06 um.

Stokes wave output was observed at 1.12 um. The Toss coefficient of
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of the fiber was 4 dB/kn (a=0.92x10™°cn™"), g_ was 0.92x 107 emyu,
and the Raman line width AvR was taken to be 400 cm—]. Threshold was
reported to occur at PO = 70 W. Our calculation, using equation (3.48)
and the above data, gives Pthresho]d = 58 W. A similar experiment was
performed using a pure-germania (GeOZ) core fiber of length 1.5 m and
area 7 x 1O~8cm2. Stokes output was observed at 1.116 um hen, again,
pumped at 1.06 un. The exact value of 9 is not available. It is,
however, known to be 10 times that of silica [19]. AvR is roughly
100 cm™'. The fiber is Tossy (300 dB/km) with o = 6.9 x10 %em™'. The
measured Pthresho1d was 135 W and our calculation gives 112 W. The
agreement with theory is reasonable. The 20% discrepancy may be due to
possible polarization scrambling in the fiber and to the presence of
backward scattering.

To summarize, we have presented a model for describing thé forward
Raman scattering in single mode fibers. We accounted for pum) wave
depletion and spontaneous scattering in the model. Analytic solutions
of the governing differehtia] equations were obtained. In the limit of
neg]ﬁgible pump depletion, our results reduce to those of the small sig-
nal fheohy. The dependence of the pump and Stokes waves' evolution on
the fiber 1osses,.a, was examinedi We showed that a nondepleted pump
approximation is valid when &t << 1, which is true for large o or short

fiber length. In particular, if a > o , pump Hower does vary as

max
exp(-az) throughout the whole length of even a very long fiber. This
may require o to exceed 100 dB/km in some cases, and this attenuation

factor is larger than that of today's low loss fibers. However, if
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L < Lmin’ the nondepleted pump approximation is valid even for very low
loss fibers. We calculated the optimal pumping power or the optimal
fiber 1ength'resu1ting in a maximum first order Stokes power output.

Finally, the theory was compared with experimental results.
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Appendi x

To solve equation (3.19)

dn
_P - -
== ¥ np[a+ Y * YN, exp(-0z)] A (A1)
we change variable
=] A.2
np / X ( )
and obtain
.9 x[o+qy +yn_exp(-cz)] = -y, (A.3)
dz Yo 00 PG Yo :
Y. .n
Introducing an integrating factor exp[-(otqy. )z + Al a5 (-az)], we
9 grating pL-(otqy, ~— exp(-az)],
get
YOnO 1
x = exp[(atqy )z - exp(-0z) 11 f -Y, expl-(atay )z
YN
+ ?xo exp(-az')] dz' + C} (A.4)

with C as the integration constant to be determined. Using integration

by parts,
1 Yoo
x = ——exp(oz) +expl(atqy )z - — exp(-az)]
0
QYO Yplg
{{ - exp[—qyoz'+ exp(-oz')]dz' +C } (A.5)

0

Letting
Yon

g exp(-az) (A.6)

u =
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Vo Iy,

-qy e :
the integral in Eq. (A.5) becomes dno et ™ J u® exp(u)du.

This can be integrated easily when the integrand is rewritten in terms

of a series. After substituting back equation (A.6), we obtain

X = J—«-exp(ocz) 1-qy,.explqy Z—Yono exp(-0z)]
n, Yo EXPLAY, o '
YN, 9
= (<57 expl-(farqy )z] Tl
X QZO (Ta7 v )2 — Y +Cexp[(otqy )z - exp(-0z)]
' (A.7)
C is now determined by the initial condition
_ _ 1
X(Z-O) n (AS)
po : '
Finally, we have
n, exp(-az)
T TR EER b 80
where
"so Yoo
g = == exp{qy.z + [1-exp(-az)]} (A.10)
Moo 0 a
and
S ¥l &
Yoo = (=) {1-exp[-(2o¥ay )z]}
n = gy, explay,z - —— exp(-0z)] QZO (T Gy )11
(A.17)
Now
ng = ng exp(-oz) - np (A.12)

from equation (3.18); therefore
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B £+n
ng = ng exp(-0z) TTEF T (A.13)
nsj can now be written by inspection. It is verified that
n, exp(-0z) B, 5 1 & 7

SO
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Chapter 4

THEORY OF CW RAMAN OSCILLATION IN OPTICAL FIBERS

In the last chapter, both ‘the pump depletion and the spontaneous
scattering effects were incorporated into the analysis of the forward
stimuTlated Raman scattering in a single-mode fiber. It was shown that
the nondepleted pump approximation is invalid for low loss fibers. The
consideration of pump depletion is even more critical in understanding
the oscillations of the Stokes and the Brillouin shifted waves. A
simplified oscillator theory has been presented that does account for
pump depletion in the case of CW Brillouin ring oscillators [1]. We
present here an analysis of the CW stimulated Raman oscillation in optic-
al fibers. A method is derived to calculate the sfeady state output
power of the SRS wave when the input pump power and the relevant param-
eters of the fiber resonant cavity are known. Good agreement with pub-
lished experimental results is obtained. The evolution of the pump and
the Stokes waves along the fiber are calculated. An expression for the
threshold pump power is obtained. The oscillation condition and higher

order Stokes waves generation are discussed.

4.1 Analysis

Consider a situation as depicted in Figure 4.1. A laser beam is
coupled by a lens L] into a single mode fiber inside a Fabry-Perot reson-
ator. The presence of this pump beam inside the fiber medium gives rise
to a gain for an electromagnetic wave at a different (Stokes) frequency

because of the stimulated Raman effect. Mirrors M] and M2 are highly
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reflective at this Stokes frequency. As the pump power is increased,
the round trip gain for the Stokes wave will eventually exceed the loss
and result in oscillation. The prism couples out a small fraction of
the Stokes wave and also prevenfs the residual pump beam from being
reflected back into the pumping Taser. A large pump to Stokes wave con-
version is usually attained, and hence the loss of the unused,pumb
power in this geometry is unimportant.

There are three waves propagating inside the fiber. A pump wave
of frequency Vp travels in the forward direction. It generates a for-
ward and a backward traveling Stokes wave at a frequency Ve which is
down-shifted from vp by the vibrational frequency of the molecular
medium. A classical treatment [2] of the stimulated Raman scattering
process shows that the optical powers of the three waves obey the follow-

ing equations:

dP v ' '
P . __P g _
e aPp v, i Pp(P]c + Pb) (4.1)
dP _
f. <
a—z—" = "O',Pf P A Pppf (4'2)
and
dP
b _ g
—a—z*— = O(.Pb = _K Pppb ‘ | (4.3)
Pp’ Pf, and Pb refer to the pump wave power, the forward Stokes wave

power, and the backward Stokes wave power, respectively. The first term
on the right side of each equation is due to the linear absorption in
the fiber medium, where we have assumed the absorption coefficient, a,

to be identical for the three waves. The second terms on the right
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sides of the equations describe the nonlinear stimulated process and
couple the three waves together. A 1is the effective core area of the
single mode fiber, and g 1is thg Raman gain constant in units of cm/W.

z is the distance measured along the fiber with z=0 being the end at
which the pump wave is injected into the fiber. We assume a CW steady
state situation, with the Stokes wave oscillation already established. |
The problem of how the oscillation bui1ds up from the spontaneous Raman
scattering is not considered here. During oscillation, the intracavity
Stokes-photon flux is so high that stimulated scattering is the dominant
photon-conversion process. HWe are therefore justified in neglecting

the spontaneous emission terms in our equations. We note that because
of the depolarization effects inside a fiber,.a slightly smaller Raman
gain constant will have to be used in the above equations.

The boundary conditions of the waves are:

Pp(z-—O) = PpO (4.4)

Pe(z=0) = P = RP(2=0) = RyP,_ (4.5)
and .

Pb(z= L] = PbL = RZPf(z= L) = RZPfL (4.6)

L is the total length of the fiber, and Ppo is the amount of.pump power
actually coupled into the input end of the fiber. R] and R2 are the
effective power reflectivities relating the counter-propagating Stokes
waves at the two fiber ends; the values of the reflectivities have taken

into account the lens coupling loss, the fiber end loss, the prism loss,

and the mirror transmission loss on each side of the fiber.
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As the Stokes wave propagates along the fiber, it is attenuated
exponentially as exp(-az) due to scattering‘and linear absorption in

the medium. At the same time, it is amplified exponentially as
Z : '

exp[%‘[ PD(z')dz'] due to the stimulated Raman effect. The evolution

0
of each Stokes wave is governed by the same physical mechanisms; and

equations (4.2) and (4.3) differ only because of the counterpropagating

nature of the two waves. It follows directly from (4.2) and (4.3) that

Pelz) P(z) = Pe P = Po P = K (4.7)

where K is a z-independent constant. Using the boundary conditions in

(4.5) and (4.6), it follows directly from (4.7) that

e
=

fo _- bL _ 1/2
(R;R,)

o (4.89)
fL bo ;

p
This equation specifies a relation between the end values of each Stokes
wave. An alternative relation can be obtained by integrating (4.2) and

(4.3) with the result

p p : '
_fo . bL . explal - 3 | P (z)dz] (4.9)
2 p A p

fL bo 0

Equating the above two relations immediately leads to an oscillation

condition for the Stokes waves, namely,

(R]RZ)]/2 exp[-oL +

Q

L
jpp(z) dz] = 1 (4.10)
0

Equation (4.10) is a statement of the fact that for oscillation the rcund
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trip gain of the Stokes wave is equal to its loss which consists of
absorption inside the fiber medium and other cavity losses accounted
for by R] and RZ' The pump "profile" Pp(z) will adjust itself so that
(4.70) is satisfied, even when fhe pump power exceeds the threshold
value for oscillation. This is the basis of gain saturation in a Raman
oscillator.

The Stokes output power is proportional to PfL and no distinc-
tion shall be made between them hereafter. We now proceed to solve
for the Stokes output power, PfL’ and the residual pump power,

P (z=1L) = PpL , for a given input pump power, Ppo‘ Substitute

p A
Pf = K/Pb into (4.1), divide (4.3) by (4.1), and then integrate the re-

sulting equation. Ve obtain
s
Po(2) Pyl2) expi g [ Ppl2) + Pel2) - 7y (2)])
“gv,
= Ppono exp{&ﬁsf Esg Ppo + Pfo - Pbo]} =. C (4.11)

C is a constant and (4.11) describes a parametric trajectory in the
space of Pp, Pf, and Pb’ It relates the three waves at an arbitrary z

within the fiber, In particular, at z=L, (4.11) can be reduced to

1/2 9_ ;
PeL = InL(RyR) " Poi/Ppod * ar (Ppo = Pp (4.12)
V
Li _ _ ]/2 ___L
i [1- Ry~ (RyRy) /% (1 R])J

Equations (4.5), (4.6), and (4.8) are used in obtaining (4.12). We

have thus expressed the Stokes output power Pf as a function of the

L
input and residual pump powers, Ppo and PpL’ respectively. Equation
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(4.12) provides one of the two equations needed for solving P

L and
PpL' | A
It can be shown from (4.1), (4.2), and (4.3) that
L (4.13)
Vs Vg
where v = 3; Pp+~Pf- Pb and u = ;;-Pp +Pf-+Pb. This is a statement

of the fact that the total photon number is conserved during the Raman
process and the only Toss mechanism is due to the absorption by the
fiber medium. We note that solving for u, v, and K [defined in (4.7)]
is equivalent to solving Pp, Pf, and Pb, each qf which can be expressed
in terms of the former three parameters. In particular, when (4.11) is
written in terms of u, v, and K, and using (4.13) to eliminate u in the

resulting equation, Teads to the differential equation

dv 5 9 2., 2 Vs :Eﬁﬁl
i -{o"V" + 467K + 4o ;;'Ppopbo eXp[aAvs (v

-)}1/2

0 .
(4.14)

where Yo is v(z=0). Integrating (4.14) results in

\
0

s p B g 2 2 Vs 9V .t
J dv' {a“v'® +40°K + 4q et PpOPbO eXp[&ﬂG;'(vo— v')1} = Z
v(z) F |

(4.15)

This equation will enable us later on to calculate Pp, Pf, and Pb within

the fiber. At z=1L we have

\%
0 V
i Bl 2 2 s
J dv'{a"v'® +40"K + 40! G-'Ppopbo
v p
L

x eXp[&KGS (vo—v')]}_]/2 = i (4.16)
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where v = v(iz=L). V> V> and K can all be expressed in ferms of Pe
and PpL’ and (4.16) is the second equation, which together with (4.12)
will allow us to solve for the two unknowns, PfL and PpL' The integral

in (4.16) can be performed by straightforward numerical techniques. It

is also discovered that a linear approximation of the exponential term

in the integrand makes (4.16) integrable and the PfL and PpL values thus
| calculated agree closely with the exact values obtained by the numerical
technique. A method has thus been derived that allows the prediction of
the Stokes output and the residual pump powers, when the input pump
power and the fiber-resonator parameters are known. We will illustrate

the usefulness of this method by applying it tb a typical example. It
will also be shown that in addition to finding PfL and PpL’ our treatment
enables us to calculate Pp(z), Pf(z), and Pb(z) at all z's along the fiber.

To illustrate how to make use of the results derived in the preced-

ing section, we shall consider the case of a recently reported high effi-
ciency CW Raman-fiber oscillator [3]. The experimental setup was the
same as that depicted in Figure 4.1. From the provided data,

=11 1 A= 9.9x70 8cr?

g=0.9x10" emM, o = 3.9 x10™cn” , ¢/v,= 0.5145 yun,
c/v = 0.5280 b Ry = 0.7, and R, = 0.4. The pumping power PpO was 4
watts. A PfL is calculated according to (4.12) for an assumed value of
PpL' This pair of PpL and PfL in conjunction with equations (4.5), (4.6),
and (4.8) is then used to find the corresponding Y. and v which, in tum,
when substituted into (4.16), determine L. This L will be the length of

a fiber having these particular PpL and P_FL values at its output surface

for the given pump power and resonator parameters. Hence, by varying
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PpL from zero to P o> We are able for each value of PpL to calculate

P
the corresponding Stokes output power and also determine the fiber length
required to observe such an output. According to (4.12), some PpL values,

which are close to either PpO or'zero, result in negative values for PfL‘
This occurs either when L is too short to provide a sufficient interac-
tion length, or when L is too.long so that attenuation per pass is too
large. In both cases, there is no oscillation and they will not concern
us here. We have plotted in Figure 4.2, using the above mentioned data,
PpL and PfL for different pump power values with L along the horizontal
axis. In the figure, the PDL and PfL af a particular L value are the pre-
dicted residual pump and Stokes output powers if an experiment is done
using a fiber length of that L value. In the reported experiment the
length of the fiber used was 100 m. At a pump power of 4 watts the
estimated Stokes power after lens L, (see Fig. 4.1) was reported to be 24,
corrasponding to a PfL of 2.3 W. PpL was estimated to be 0.5 W. Our
calculation shown in Figure 4.2 indicates that for L = 100 m and
Ppo = 4y, PfL is 2.54 and PpL is 0.1W . The agreement between the cal-
culated and the reported values is quite reasonable.

In addition to predicting the Stokes output and the residual pump
powers, it is also possible to calculate for a given fiber length L,
Pp, Pf, and Pb at each point along the fiber. For example, in the above
mentioned case for which PpL and PfL and hence K, Voo and Vi have been
calculated, a v(z) value is substituted into (4.15) to find z. This z

is then the distance measured along the fiber where v(z) has that par-

ticular value. HMoreover, u(z) at this point is also known as provided
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by (4.13) and (4.14). Consequently, P Pf, and Pb are obtained in terms

b’
of the v(z), u(z), and K values. Therefore, by varying v(z) from v, to

V| s We are able to determine Pp(z), Pf(z), ahd Pb(z) for each z calculated.
Figure 4.3 shows the evolution of the three powers along the 100 m fiber
of our example for a 4W input pump power. The rapid depletion of the

pump wave due to the conversion to Stokes photons is evident.

4.2 Discussion

It is apparent, as shown in F1gure 4.2, that for a given input
pump power there is an upper limit to the amount of Stokes output power

obtainable from a fiber Raman oscillator. According to (4.12), when

PpL = 953 the Stokes output is maximum and is equal to
1/2 aA
tnl(R 1 2) ] aA po %1
P, (max) = - (4.17)
fL \V
9 Pri.p - Ve . 1
oF v, 1Ry (R1R2) (- g
S 1
The correct fiber length, Lop*’ to obtain this maximum Stokes output,

can be determined from (4.16), since PpL and PfL are known. A fiber
length that is shorter than LOpt yields smaller Stokes output power be-
cause the interaction length is shorter, resulting in smaller gain per
pass. A fiber length longer than LOpt also results in smaller Stokes
output power because the loss per pass is -larger. Lopt’ at 4 watt pump-
ing power of our example, is about 57 meters. Using a fiber of this
length should produce, at the specified pump power, higher Stokes output
than what was reported. When designing a fiber Raman resonator which is

" intended to be pumped at a constant input power, LOpt is obviously an

important parameter, although as shown in Figure 4.2, small deviations
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from this optimum value are easily tolerated.

We derived in (4.10) the oscillation condition for the fiber Raman
laser. When the pump power is increased from zero to a value such that
this condition is bérely satisf{ed, the oscillating intracavity Stokes
power is very small. At this threshold situation, the pump power will
behave as Ppt exp(-0z), vhere Ppt is the threshold input pump power. The
exponential behavior of the pump follows directly from (4.1), the pump
beam being attenuated only by the absorption of the medium in the
absence of any Stokes wave. Upon substituting this threshold pump power
behavior into (4.10), the required threshold pump input for oscillation

is obtained as

1
pt a 1-exp(-ol) :

This is calculated to be 1.35W when the data provided in the reported
experiment of our example aréused. The actual threshold value measured
in the experiment was reported to be 1W.

.An interesting feature which results from (4.10) is that above’
threshold (Ppo > Ppt)’ JL Pp(z)dz is independent of the input pump power
Ppo' The total absorpt?on of the pump power by the fiber is then

L
o £ Po(2)dz = L1 - exp(-ol)] (4.19)

When the input pump power exceeds the threshold value, saturation
effect keeps the single pass gain constant so as to maintain the oscilla-
tion condition described by (4.10). This is achieved because, as the

Stokes intensity increases, the nonlinear coupling also increases,
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resulting in an extremely fast draining of the photons from the pump
wave. The pump wave becomes very much depleted after a short distance, |
so that the Stokes wave gain in the rest of the fiber is reduced, and
the overall gain per pass remaiﬁs clamped. Thus pump depletion is the
dominant saturation effect in the fiber Raman laser.

In our analysis, we have neglected the higher order Stokes waves
generation, which arises because the forward and backward propagating
Stokes waves inside the fiber can act as pump waves to generate their
own down-shifted Stokes waves. For simplicity, we shall considar only
the second order forward Stokes wave and demonstrate that it is insig-
nificantly small. The-second order backward Stokes wave is of the same
order of magnitude as its forward counterpart, while the third and
higher order Stokes waves are even smaller. The power of the second

order forward Stokes wave, denoted by P. obeys the equation

.f.‘
P g'
it Sy w LY .20
the solution of which at z=1L is
L ;
- opo } 9’ +
1 = Py, expl-ol + 5 f [Pe(z) + Py(z)]dz} (4.21)
0

Equations (4.2) and (4.3) that descfibe Pf and Pb will have additional
loss terms to account for the second order nonlinear effect. However,
the original solutions of (4.2) and (4.3) will be the upper limits to
the solutions when the second order effect is incorporated. Therefore,

for our purpose, which is to estimate the maximum second order Stokes
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wave that can possibly be generated, it is adequate to simply use the
previous calculated values of Pf and Pb in (4.21). Remembering our

definition of u,

L ) L v, L
f [Po(2)+P, (2)]dz = f abz)dz ~ —J P, (2)dz (4.22)
0 0 PO

Upon using (4.13), (4.18), and (4.19), equation (4.22) becomes

L
[Po(2)+P(2)1dz = L [v -v] - S Ao -Lan(RR)] (4.23)
£ ARUREENE Z"o,"o‘VL"U;‘g‘O“?”‘]z— .

which is expressed in terms of previously calculated values. Thus P%L
can be obtained from (4.21) and (4.23). Since there is actually no
finite P%o’ and any second-order Stokes power build-up is due to ampli-
fied spontaneous scattering, we shall arbitrarily assume one photon per
mode as a fictitious input for P% [4]. Using a Lorentzian gain constant
with a 400 cm“] line width [5] and the data provided in our example, P%L
is estimated to be only about 30 pW. This justifies our neglect of the
higher order Stokes waves in the analysis.

In conclusion, we have presented a detailed treatment of a stimu-
lated Raman fiber laser. MWe have demonstrated how the Stokes output
power and the residual pump power can be calculated from a known input
power and the resonator parameters. In addition, the evolution of the
pump and the Stokes waves along the fiber are calculated. Our result
1s compared with published experimental data and reasonahle agreement

is obtained. The threshold pump power and the oscillation condition at

and above threshold are discussed. Higher order Raman effect is shown
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to be negligible, confirming that pump depletion is the dominant satura-

tion effect.
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Chapter 5
CONCLUSTION

5.1 Other Nonlinear Optical Phenomena in Fibers

Stimulated Brillouin Scattering

Next to Raman scattering, Brillouin scattering has been most
intensively studied inside fibers [1-6]. .It is similar to Raman scat-
tering except for the fact that the light scatters off an acoustic wave
in the material. The shift in frequency of the scattered licht is
typically small, on the order of gigahertz, and it has a highest gain
in the backward direction. Thus in an optical fiber, stimulated -
Brillouin scattering is observed in the backward direction, obposite to

that of the pump wave. The equations governing the pump power PO and

the scattered power PB are

dP g, Vv

_P._p _BP

dz uPp E S PpPB (5.1)
and

dpP g

cTzE = oPp - "AB' PoPs | EZ)

The frequency shift vp-vB is 2nv 7? . nis the index of refraction of
the material, and v is the acoustic wave velocity. Equations (5.1) and
(5.2) are identical té (4.7) and (4.3) except that the quantities asso-
ciated with the Stokes waves are replaced by those associated with Bril-
Touin waves. The sma]]lsigna1 theory given in Section 3.2 can be
directly applied to describe the situation at hand. A complete treatment
including the nonlinear pump depletion can only be carried out numeri-

cally. No analytic solution has been found except for the trivial case
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of zero fiber loss (a=0). However, the theory of CW Raman oscillation
presented in thé last chapter can be easily used to describe the oscil-
lation of the Brillouin shifted waves inside fiber. Experimentally,
considerable research efforts have been devoted to this area. CW
operation of Brillouin fiber ring oscillators [3] have been demonstrated
with input pump powers less than 1W. Recently, mode locking of the
radiation in the first order Brillouin-shift wave of a fiber Brillouin
‘oscillator was reported [6].

There are several other nonlinear optical phenomena observed in-
side fibers. These include nondegenerate four-wave mixing [7-9], self-
phase modulation [10,11], optical Kerr effect [12], and coherent anti-
Stokes Raman scattering [13]. They are all interesting third order
nonlinear effects observed in either glass or liquid fibers, and have

important implications for fiber optic communication.

5.2 Applications to Fiber Optic Communication

It was pointed out in Chapter 1 that one reason for looking into
nonlinear optical phenomena inside fibers 1s.to understand the Timitation
of fiber capability in handling large optical power. It has been shown
in the last two chapters that it is possible for most of the energy car-
ried by a pump wave to be transferred to a Stokés wave at a different
frequency. This may be undesirable for communication purposes because
a detector located at the receiving end of a fiber may have a frequency
dependent response. Furthermore, the cross section for stimulated Bril-
Touin scattering is very large in glass, implying that this effect will

impose a 1imit on the amount of power that can be transmitted through a

t
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fiber. Other effects such as spectral broadening and pulse shaping by
means of self-phase modulation in fibers are also important factors to |
be considered in fiber optic communications.

The Raman oscillator provides laser oéci]]ation at the Stokes fre-
quency, and because of the large bandwidth of the Raman. cross section
in silica, the laser output of such a fiber Raman oscillator can be
tuned over a large frequency range. This has already led to the use of
this device as a source for probing fiber properties [14,15] in the
near infrared region (1.3 pm) where silica fibers have minimum absorp-

tion and dispersion.
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