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ABSTRACT

SPECTRAL, TEMPORAL AND VECTORIAL PROPERTIES OF ULTRAFAST
OPTICAL PULSE PROPAGATING IN OPTICAL FIBERS

by
QINGDE LIU

Thesis Advisors: Prof. R. R. Alfano and Prof. P. P. Ho

The polarization state of light is important for applications and experimental work
of the light propagating in optical fibers. In this thesis, a theoretical model for intense
laser light pulses propagating in nonbirefringent single-mode optical fibers has been
proposed for the first time. Polarization stabilities of linearly and circularly polarized
laser pulses propagating in nonbirefringent single-mode optical fibers are analyzed.
Nonlinear depolarization and polarization rotation for linearly polarized laser pulses in
optical fibers are calculated. The changes of the temporal properties of the propagating

laser pulses in single-mode optical fibers are also discussed.

The polarization stabilities for linearly and circularly polarized ultrashort laser
pulses propagating in nonbirefringent single-mode fibers were measured. The
experimental results and analytical conclusions are in good agreement. Picosecond laser
pulses with a duration of 35 ps were used to observe the polarization stabilities of linearly

and circularly polarized light pulses.

Nonlinear polarization twisting (NPT) of linearly polarized laser light pulses has
been studied using picosecond and femtosecond laser plight pulses propagating in

nonbirefringent single-mode optical fibers. The theoretical simulation of the NPT are in
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good agreement with the measured results. Nonlinear polarization rotation and
depolarization which occurred due to the NPT of linearly polarized light pulses were
measured using femtosecond laser light pulses propagating in nonbirefringent single-
mode optical fibers. The femtosecond light pulses from a Ti:sapphire laser system had a

pulse duration of 120 fs at the wavelength of 780 nm..

The single pulse degenerate cross-phase modulation (DXPM) was measured for
its two circularly polarized components of ultrashort laser pulses in single-mode optical
fibers. The experimental results has shown that the DXPM process should be considered
even for a single laser pulse propagating in an single-mode optical fiber. This result is
quiet different with the conventional understanding on XPM in which XPM was thought

only to occur between two separated laser pulses.

The DXPM of two physically separated light pulses was investigated for different
time delays and pulse intensities in a nonbirefringent single-mode optical fiber.
Considering the nonlinear polarization stability of circularly polarized light, two
opposite-rotating circularly polarized light pulses were used in the experiment. The
DXPM process for light in different modes in a multi-mode optical fiber was also studied
in the thesis work. Laser light was coupled into the lowest two propagation modes in a
multi-mode fiber (LPgj and LP1;). Different spectral broadening of LPg; and LP 11 mode
at high light intensity was attributed to DXPM process between these two fiber modes.

The measured results are in good agreement with the theoretical simulations.
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Chapter I
INTRODUCTION

I.1. Historical Review

An optical fiber confines light into a cylindrical tube. It consists of a central core
surrounded by a cladding layer whose refractive index is slightly lower than that of the
core. Optical waves can be guided in the optical fiber using the principle of total internal
reflectionl1-3), The early optical fibers were extremely lossy (typical loss ~1000 dB/km)
and impossible for most practical applications. During the past two decades, the
processes in the fabrication technology(4-6] have brought optical fibers having a loss of
about 0.2 dB/km near the 1.55 um wavelength, a loss level limited mainly by the
fundamental process of Rayleigh scattering. Such low-loss optical fibers has led to a

revolution in the field of optical fiber communications and data transmissionl7-10],

The availability of low-loss optical fibers has led not only a revolution in the field
of optical fiber communication and high speed data transmissionl!1-14], but also the
advent of a new field of nonlinear fiber optics. Using these optical fibers, nonlinear
optical processes!{!5] have also been investigated extensively because high intensity light
can propagate a long distance in the fibers without tremendous attenuation. Nonlinear
optical processes are important for ultrashort laser pulses in the fibers because these
processes will affect the spectral, temporal, and vector properties of the propagating
ultrashort laser pulses. Among several major nonlinear optical processes in the optical
fibers, self-phase modulation (SPM) and cross-phase modulation (XPM) are the most
important. Since the first observation of supercontinuum generation of picosecond optical

pulses by Alfano and Shapirol(!6-17], the SPM and XPM processes have been studied for



various types of applications and in different media. In optical fibers, the SPM and XPM
processes are particularly important because the light is confined and guided within the
core of fibers. The spectral changes induced by SPM have been measured for different
type of fibers and wavelengths{18], XPM processes have been observed by using two
optical pulses having the same polarization at different wavelengths(19-20} or the same
wavelengths but different polarization states[21], The latter process is known as

degenerate-cross-phase modulation (DXPM).

Other nonlinear optical processes such as Stimulated Raman Scattering (SRS),
Four Wave Mixing (FWM), and Stimulated Brillouin Scattering (SBS) in single-mode
optical fibers have also been studied both experimentally[22-23] and theoreticallyl[24], This
work stimulated the study of other nonlinear phenomena such as optically induced
birefringencel25], parametric four-wave mixing(26-27], and optical soliton[28], Nonlinear
polarization effects in single-mode optical fibers has been studied through the nonlinear
induced birefringencel29-31], Optical solitons have been observed and led to a number of

advances in the generation and control of ultrafast optical pulses[32-37],

The research of nonlinear optical processes in fibers has progressed enormously in
last two decades. It has led a number of important advances from the understanding of
fundamental principles as well as applications. In future, the interest in nonlinear fiber
optics is expected to continue on the development of the photonics-based technologies for

ultrafast computation, information systems and high-speed data transmission.



L.2. Fundamental of Optical Fibers

The fundamental material of low-loss optical fibers is silica glass formed by
fusing SiO2 molecules. The refractive-index difference between the core and the cladding
is realized by the selective use of dopants during the fabrication process. Dopants such as
GeO3 and P70s5 increase the refractive index of pure silica and are suitable for the core,
while fluorine is primarily used for the cladding because it decreases the refractive index

of silica glass.

The basic fiber structure is a central core surrounded by a cladding layer and the
refractive index of the cladding is slight lower than that of the core[38]. Two types of the
refractive index profiles are used for optical fibers: step-index fibers in which the
refractive index has a sudden change from the core to the cladding layer and graded-index
fibers in which the refractive index of the core decreases gradually from the center the
core boundary. Figure I.1 shows schematically the cross section and the refractive profile
of a step-index fiber. Two important parameters which characterize an optical fiber are

the numerical aperture NA defined by
NA = (n?-n2)"?, (L.1)

where n| and nz are the refractive index of the core and the cladding of a fiber,

respectively. The normalized frequency V defined by
V =koa(n}-nd)"", (1.2)

where ko=27/A, a is the core radius, and A is the wavelength of the light. The numerical

aperture determines the coupling efficiency of light into an optical fiber. For most of the
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Figure. 1.1 Schematic digram of the cross section of the refractive index
profile of a step-index optical fiber.



optical fibers, the values of NA is more or less 0.1. The parameter V determines the
number of the optical modes propagating in the fiber. For a step-index optical fiber, it
will be single-mode if V < 2.405. The main difference between single- and multi-mode
fiber is the core size. The core size is usually 25~30 pm for typical multi-mode optical

fibers. Single-mode optical fiber has a typical core size of 2~4 um.

From Egs. (I.1) and (I1.2), the light propagation mode in an optical fiber depends
on the normalized frequency V. When V increases, the number of the modes propagating
in the fiber also increases. The normalized frequency V is a function of the fiber diameter
and the numerical aperture (NA). To increase the fiber diameter or the numerical
aperture, the value of V will be increased. Therefore, the number of the propagation mode
in a fiber will be increased accordingly. For V<2.405, there only one lowest propagation
mode allowed in the fiber and this type of fiber is called single-mode optical fiber. The
cross-section light intensity distribution in this fiber is a typical Gaussian distribution
around the center of the fiber. For a multi-mode optical fiber which possess a V>2.405,
many propagation modes can exist simultaneously in a fiber depending the value of V.
Each propagation mode has different cross-section intensity distribution. The output

intensity distribution of light will be a superposition of all allowed propagation modes

When light wave propagates in an optical fiber, several dispersions from different
sources will affect the property of the light. One most important is the group-velocity
dispersion (GVD) which is the refractive index as a function of the light wavelength as
shown in Figure 1.2. This kind of dispersion is extremely critical for ultrashort laser
pulses because it will affect the pulse shape and duration. Mathematically, the light

propagation constant B can be expanded in a Taylor series about the center frequency ®o:

B(w)= n(m)—c("3 =B, +PB, (0 —wo) + %Bz(m —Wo) +..., (1.3)



1.47
¢ 1.46 B
o
°
i
S 145
O
«©
©
o
144 |
1.43 | | | 1 1 1

05 07 09 11 1.3 1.5

Wavelength (um)

Figure 1.2 The refractive index n as afunction of wavelength for fused
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where 1/B is the group velocity, B (n > 2) are the high order dispersion. If the optical
fibers are multi-mode, some other kind of dispersion such as inter-mode dispersion and
waveguide dispersion will be introduced(38]. The dispersions for different wavelength
and different modes of optical waves propagating in optical fibers will affect the temporal

properties of the light and are specially important for ultrashort laser pulses.

Many applications of optical fibers require the preservation of the polarization
state of the input optical wave. The optical fiber having a core shape of circular cross
section can not maintain the input polarization state for a long distance because the
fluctuation of core shape, the stress-induced anisotropy, a twist, and the scattering from a
defect will change the polarization state of the optical wave. The optical fibers with
intrinsic birefringence have been developed. This kind of optical fiber is anisotropic. The
mode-propagation constants B become slightly different for the modes polarized in the x

and y directions. The degree of modal birefringence B is given(39-40] by:

IB, -B,!

[\ ]

B=

=|nx - nyl, (1.4)

where ny and ny are the effective indices in the two orthogonal polarization states. The
refractive index of silica glass which is used as the fundamental material of most optical
fibers is about 1.5 and will change slightly with the concentration of dopants. The axis
along which the effective index is smaller is called fast axis as the group velocity is larger
for light propagating in that direction. Likewise, the axis with the larger index is called
the slow axis. When the light propagates along the fiber, the polarization state will
change periodically in the propagation. The length of period is generally referred as the

beat length L. The beat length can be obtained as:



A (1.5)
B’ .

This length (L) means the periodical distance of the change of polarization state for light
propagating in the birefringent fiber. Figure 1.3 shows schematically the evolution of
polarization over one beat length of a birefringent fiber. The state of polarization changes
over half of the beat length from linear to elliptic, elliptic to circular, circular to elliptic,
and then back to linear but rotated by 900 from the incident linear polarization. The
process is repeated over the remaining half of the beat length such that the initial state is
recovered at z=Lp and its multiples. The beat length is ~lcm for a strongly birefringent

fiber with B=10-4.

Another important parameter is a measure of power loss during transmission of
optical wave inside a fiber. If Py is the power coupled into an optical fiber with a length

of L, the transmitted power P is given by:
Pt = P, exp(-aL), (1.5)

where o is the attenuation constant referred to the fiber loss. A more popular expression

for the fiber loss is the unit of dB/km by using the relation(381:

Olgg = -% log[-&] =4.3430.. (L.6)

[s]

The fiber loss is a function of light wavelength. As shown in Figure 1.4, it is a typical loss
curve in single-mode optical fibers. The solid curve in Figure 1.4 is the measured loss

profile and the dashed curve is the intrinsic loss profile of the fused silica. Several factors



contribute to the loss spectrum, material absorption and Rayleigh scattering are dominant.
Impurity such as OH enhances the fiber absorption, and loss. This effect causes a peak for
the fiber loss at the light wavelength of 1.4 um as shown in Figure 1.4, The two minimum
loss wavelength of around A =1.3 um and A3=1.5 um are important in the applications
such as the transmission of the light signal over a long distance for communication in an
optical fiber. As a matter of fact, most fiber communication systems are working at the

either one of these two wavelengths considering the fiber loss and the fiber dispersion.
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Figure 1.3 Schematic illustration of the evolution of light polarization along a
birefringent fiber when the input beam is linearly polarized at 45 degree with
respect to the slow and fast axes.
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L.3. Nonlinear Processes and Applications in optical fibers

The response of optical fibers to light becomes nonlinear for intense
electromagnetic field. Basically, the nonlinear response is resulted from the distortion of
the electronic structure in the material under the influence of an intense optical field. The
induced polarization P of the electric dipoles is not linear to the applied electric field E

and can be expressed as(!]:

e B

- -
P=g,(XV.E+¥?.EE+X®.EEE+..), L7

where € is the vacuum permittivity and x”) i=1,2,3,.) is the ith order
susceptibility. To account for the light polarization effect, }(“) is a tensor of rank i+1.
The linear susceptibility x(” represents the dominant contribution to 3 Its effects are
included through the refractive index n and the attenuation coefficient o.. The second-
order susceptibility 7((2) is responsible for nonlinear effects such as second-harmonic
generation and parametric oscillation. It is non zero only for the media that lack an
inversion symmetry at the molecular level. Since SiO2 is a symmetric molecular, xm
vanishes for silica glasses. As a result, optical fibers made of fused silica glasses do not
normally show second-order nonlinear effects. The lowest-order nonlinear effects in
optical fiber originate from the third-order susceptibility xm which is responsible for
phenomena such as third-harmonic generation, four-wave mixing, and nonlinear
refraction. However, unless special efforts are made to achieve phase matching, the
nonlinear processes which involve the generation of new frequencies(e. g. third-harmonic
generation or four-wave mixing) are not efficient in optical fibers. Most of the nonlinear
effects in optical fibers therefore are from nonlinear refraction, a phenomenon that refers

(3)

to the intensity dependence of the refractive index resulting from the contribution of ¥ .

The refractive index of an isotropic material possessing nonlinearity can be written as:

12



n(®) =[e(w)]¥? =ng(w) + nz 1, (18)

where ng ()is the linear refractive index and n» is nonlinear refractive index.

The refractive index change, nyl, imposes a phase modulation on the laser pulses
which causes spectral broadening. When the phase modulation happens to the laser pulse
itself, the process is called self-phase-modulation (SPM). When the phase modulation
occurs to the copropagating pulses, the process is called cross-phase-modulation (XPM).
SPM and XPM cause the spectral broadening of the propagating laser pulses[4!]. This
spectral broadening also change the temporal profiles of the laser pulses through the
chromatic dispersion. Another effect of these phase modulations is the intensity-
dependent polarization states of the propagating laser pulses. This nonlinear polarization

change has been investigated in nonbirefringent single-mode optical fibers(42],

Using third-order nonlinear processes, light can be used to control light for the
ultrafast optical signal processing. Some application such as switches[43], logic-gates[44-
45} amplifiers[46-471. and multiplexer/demultiplexer!48! based on the optical Kerr effect in
nonlinear waveguides. As the development of optical communication and information
technology, high speed optical analog to digital (A/D converter) converter has been
drawing considerable interests. Due to its intrinsic parallel and high speed characteristics,
all optical A/D converter has wide range of potential applications in optical computation.
They are also needed to handle real-time data for signal processing applications such as
spread spectrum communication, lidar, fiber-optic sensors, etc. Because of the increased
use of fiber-optic sensors and fiber-optic communications, signals applied to an optical
signal processor are often optical, and thus optical A/D converter should handle optical

input signals directly and be very fast.

13



For an all-optical A/D converter, an input light intensity analog signal is first
converted into changes in certain light properties, such as the spectral distribution,
through the nonlinear light-medium interaction. An encoder is then used to encode the
property changes into the digital signal. Among several types of A/D converters based on
different mechanism and techniquesl49-53], an all-optical A/D converter using the cross-
phase modulation (XPM) for the spectral encoding is a promising one for the ultrafast
applications[54], In an XPM based A/D converter, carrier and signal light waves interact
in a third-order nonlinear medium causing the phase structure of the carrier beam
changed. This phase structure change imposes a change in its spectrum, or spatial
distribution by a grating or a prism. This spatial distribution has the characteristics of
monotonously-varying according to the light intensity with some modulation structure. A
binary encoder is used to convert the spatial distribution into binary codes for A/D

processing.

Another application of the nonlinear optical processes in the fibers is the all-
optical amplifier. Because of the increasing uses of optical waves in communication and
computation technologies, the processing signals are often optical. All-optical devices
have stimulated great interests in many application fields. One important device is the
direct optical amplification that is all-optical amplifier. The all-optical amplifiers are
needed to handle the real-time data in optical signal processing applications such as
spread-spectrum communication, lidar, computation and fiber-optical sensors. Several
different type of all-optical amplifications such as Stimulated-Raman amplifiers(55],
diode-laser amplifiers{36) and erbium-doped fiber amplifiers[57-48] have been developed.
Using optical Kerr effect in a low-birefringent single-mode optical fiber, a modulational

gain at the perpendicularly polarizing direction of linearly polarized laser pulses has been

14



observed at high input laser intensity. A broadband all-optical amplifier has been

proposed using the optical Kerr effect(59],

15



L.4. Thesis Statement

The thesis research has focused on measuring and modeling the spectral, vectorial
and temporal properties of ultrafast optical pulses propagating in non-birefringent single-
mode optical fibers for understanding and improving the spectral encoding of intensity of
an optical pulse using %) processes for an ultrafast optical A/D converter. The accuracy
of the XPM spectral encoding will be measured and theoretically modeled based on
nonlinear vector rotation and depolarization. The following five topics have been

investigated to accomplish my goal in this thesis work:

(1). Nonlinear polarization stabilities of linearly and circularly polarized ultrashort
laser pulse propagating in short non-birefringent single-mode optical fibers;

(2). Nonlinear polarization rotation and depolarization of ultrashort optical pulses
propagating in single-mode opticél fibers;

(3). Nonlinear polarization twisting of ultrashort laser pulses in non-birefringent
single-mode optical fibers;

(4). Single-pulse degenerate-cross-phase modulation (DXPM) in single-mode
optical fibers for ultrashort circularly and linearly polarized laser pulses;

(5). Two-pulses DXPM processes in single-mode optical fibers by using two

circularly polarized optical pulses with different time delays and laser intensities;

In Chapter II, the conventional theories for self-phase modulation (SPM) and
cross-phase modulation (XPM) are discussed under different polarization bases. A
theoretical model for ultrashort laser pulses propagating in nonbirefringent single-mode
optical is proposed. The spectral broadening caused by SPM and XPM is simulated in
optical fibers. Polarization stabilities of linearly and circularly polarized laser pulses

propagating in nonbirefringent single-mode optical fiber are analyzed. Nonlinear

16



depolarization and polarization rotation for linearly polarized laser pulses in optical fibers
are calculated. The changes of the temporal properties of the propagating laser pulses in

single-mode optical fibers are also discussed.

The experimental methods and set-ups are described in Chapter III. Ultrashort
laser pulses with pulse durations of 35 ps and 100 fs are used in the investigations. Streak
camera and cross correlator are used to measure the temporal profiles of the laser pulses.
The spectral measurements are carried out using spectrometers and CCD cameras. The
optical fibers had an attenuation of 20 dB/km which can be neglected for short optical

fibers (~1m) in the experiment.

The polarization stabilities for linearly and circularly polarized ultrashort laser
pulses propagating in nonbirefringent single-mode fibers were measured. The
experimental results and analytical conclusions were described in Chapter IV. Picosecond
laser pulses with a duration of 35 ps were used to observe the polarization stabilities of

linearly and circularly polarized pulses.

Nonlinear polarization twisting (NPT) of linearly polarized laser light pulses was
studied in Chapter V. Picosecond and femtosecond laser plight pulses were used to
demonstrate NPT in nonbirefringent singleQmode optical fibers. The theoretical
simulation of the NPT are in good agreement with the measured results. Nonlinear
polarization rotation and depolarization of linearly polarized light pulses was investigated
in Chapter VI using femtosecond laser light pulses propagating in nonbirefringent single-
mode optical fibers, The femtosecond light pulses from a Ti:sapphire laser system had a

pulse duration of 120 fs at the wavelength of 780 nm..
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In Chapter VII, the single pulse degenerate cross-phase modulation (DXPM) of
ultrashort laser pulse in single-mode optical fibers was measured. The experimental
results has shown that the DXPM process should be considered even for a single laser
pulse propagating in an single-mode optical fiber. This result is quiet different with the
conventional understanding on XPM in which XPM was thought only to occur between
two separated laser pulses. To observe the single light pulse DXPM process, picosecond
light pulses were coupled into a nonbirefringent single-mode optical fiber. Using
femtosecond light pulses, DXPM processes were observed in high-birefringent and
nonbirefringent single-mode optical fibers. The DXPM of two physically separated light
pulses was investigated for different time delays and pulse intensities in a nonbirefringent
single-mode optical fiber. Considering the nonlinear polarization stability of circularly
polarized light, two opposite-rotating circularly polarized light pulses were used in the
experiment. The DXPM process for light in different modes in a multi-mode optical fiber
was also studied in this chapter. Laser light was coupled into the lowest two propagation
modes in a multi-mode fiber (LPg; and LPy)). Different spectral broadening of LPy; and
LP;; mode at high light intensity was attributed to DXPM process between these two

fiber modes. The measured results are in good agreement with the theoretical simulations.

The future research directions related to this thesis work are discussed in Chapter
VIIL. An all-optical amplifier is proposed. Using SPM and XPM in a nonbirefringent
single-mode optical fiber, all-optical amplification system is possible. The characteristic
curves and gain of this optical amplifier was calculated. An all-optical amplifier may be

needed in the optical communication and computation system in the future.
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Chapter I1
THEORY OF NONLINEAR EFFECTS OF LASER PULSES
PROPAGATING IN OPTICAL FIBERS

II.1 Introduction

The nonlinear processes in optical fibers affect the spectral, temporal, and
vectorial properties of the ultrashort laser pulses propagating in materials. Self-phase
modulation (SPM) occurs when the refractive index of the nonlinear material depends on
the intensity of the laser pulses itself. Cross-phase modulation (XPM) occurs when the
refractive index of the material depends on the intensity of another copropagating laser
pulse. These nonlinear phase modulations cause the spectral broadening of the
propagating laser pulses, change the polarization states, and also affect the pulse duration.
Many applications can be created in optical communication and computation using XPM

and SPM.

SPM and XPM processes in nonlinear media have been intensively investigated
by many researchers in the past decade, especially by R. R. Alfano and P. L. Baldeck
group[1-10], The generation and compression of femtosecond supercontinuum light using
single-mode optical fibers and high-refractive index prisms has been studied(1-3]. The
spectral and temporal effects of XPM on the propagation of interacting ultrashort light
pulses in optical fibers have been theoretically and experimentally investigated[4-8], In
addition, the spatial effects on the nonlinear propagation of picosecond pulses in
multimode optical fibers were also studied. A self-focusing effect has been demonstrated

in multimode optical fibers9-10},
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In this chapter, the nonlinear time-dependent wave equations of electric-magnetic
field in a nonlinear medium will be derived from Maxwell's equation first. The standard

theories for self-phase modulation (SPM) and cross-phase modulation (XPM) are

discussed under different polarization bases. A new theoretical model for ultrashort laser: -

pulses propagating in nonbirefringent single-mode optical is proposed. The spectral
broadening caused by SPM and XPM is simulated in optical fibers. Polarization
stabilities of linearly and circularly polarized laser pulses propagating in nonbirefringent
single-mode optical fiber are analyzed. Nonlinear polarization twisting (NPT) of linearly
polarized optical pulses propagating in optical fibers will be theoretically investigated.
Nonlinear depolarization and polarization rotation for linearly polarized laser pulses in
optical fibers are calculated. The changes of the temporal properties of the propagating

laser pulses in single-mode optical fibers are also discussed.
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I1.2, Nonlinear Time-dependent Wave Equations

The response of a nonlinear medium to an intense electric and magnetic fields of a
high intensity laser field will cause nonlinear polarization. This nonlinear polarization
will generate new optical frequencies. The propagation of such intense field leads to
various nonlinear optical phenomena. SPM and XPM are two important nonlinear
phenomena. The nonlinear wave equations can give a very good quantitative description
of SPM and XPM effects. In this section, the nonlinear wave equations will be derived

from Maxwell's equations.

From the Maxwell's equations, we can find the wave equations that governs
optical wave propagation in a medium:
2 5

1
VxVxE(r t)+ 2§t2D(r =0, (IL.1)

since the electric displacement is
- - -
D=E+4nP, (11.2)

we can obtain

-
—;'Ei' P. (I1.3)

- 1 9=
VxVxE+—2—E=— W)

c? ot?

This equation is the most general form of the wave equation. Under certain conditions it
can be simplified. For example, by using an identity from vector calculus, the first term

on the left-handed side of Eq. (I1.3) can be written as
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VxVxXE=V(VeE)-V2E, (1L4)

In the linear optics of isotropic source-frec media, the first term on the right-handed side
of this identity vanishes because the Maxwell's equation VOB =0 implies that
Ve I—-_T,) = (). However, in nonlinear optics this term in general is nonvanishing even for
isotropic materials, since the more general relation between B and E is much more
complicated than a linear proportion. Fortunately, in nonlinear optics the first term on the
right-handed side of Eq. (I1.4) can usually be dropped. For example, if E is of the form
of a transverse, infinite plane wave, Ve _E-) vanishes identically. More generally, the first
term on the right-handed side of Eq. (I1.4) can often be shown to be very small, even

when it does not vanish, especially when the slowly-varying amplitude approximation is

valid.
-
It is convenient to split P into its linear and nonlinear parts as
- -> -
P =PL+PnL. (IL.5)

- -
where Py is proportional to the electric field E. Hence Eq. (I1.2) can be written as

- - - - - -
D=E+4nPL+4TPn.=DL+47PnL, (I1L.6)

- -
where Dy = €-E is the linear electric displacement vector, € is the linear dielectric
tensor which reduce to a real scalar quantity for the case of an isotropic, and lossless
material. Substituting Eqs. (I1.4) and (I1.6) into Eq. (II.3), and using the approximation

N
V e E = 0. We have the wave equation
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2 o5 4 2 o

Vzg(r t)—i—a—D (r,ty = —==PnNL(r,1) (IL7)
VT 292k 2 9¢2 NLALDh '

Since both SPM and XPM processes involve propagating waves with time
varying amplitudes, we need to find the time-dependent nonlinear wave equations in
dispersive media. In general, the electric field of a linearly polarized laser pulse can be
approximately expressed as a quasi-monochromatic plane wave when the change along

the transverse coordinates are negligible

-

- - .
Ern=eE@ezun=eA@vexpli(koz—wot)], (11.8)
-—)
where e is the unit vector of the polarizing direction of the electric field, wg is the
carrier frequency, ko is the carrier wave number, and A(z) is the slowly varying

amplitude of the electric field.

In this case, the electric field depends only on the spatial coordinate z, we can

replace V by d/ 0z in Eq. (I1.7), and we have

2
d A(z) +2i koaA(z)

57 = ~k3A@}expli(koz—mot)], (L9)

V2E(z1) = {

when solving the wave equations, several simplifying approximations are often madel!1.
16], Among them is the slowly varying amplitude approximation, which is valid for many
nonlinear effects. Since the energy among waves usually travels over a distance much
longer than their wavelength, we expect

2
19 A(Z)l<<lko A , (IL.10)

0z2 0z
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So we have

dA(z)
oz

V2E (1 ={2iko ~ k3 Am}expli(koz ~ wot)], (IL11)

From Alfano et all16], this electric field E(z,t) is expressed in terms of the Fourier

integral

E(zy = jE(z m)exp(w)t)da) (1.12)

-—00

Then we have

D@ty = [nE@wexp(-int)do, (I1.13)

-—00

where ng(w) = \/E is the linear index of refraction which is frequency dependent. The

linear polarization term on the left side of Eq. (I1.7) can be expressed as

__i_az_D(z )= —— jno(m)E(z 0)— Ch exp(—imt)dw
c? dt? c? . ot?
g n0

j ——E(z.w)exp(—lcot)d(o
c?

__i:“' T2 ' it —t
=5 _Im JK*(w)A(z,t")explio(t—t')]

~00

X expli(koz— wot)]dwdt'. (I1.14)
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The derivative of the wave equation then proceeds by expanding k(¢ about the carrier

frequency wp in the form of
k%) = k3 + kok$’ (0 — wp) + kokP (0—wo)? +-++, (11.15)

where ko=k(wo) is the propagation constant, k{’ = (0k/00)y=qo =1/ vy is the

inverse of the group velocity, and k&’ = (azk/amz)(O:mo is the group velocity

dispersion.

It is possible to evaluate the integral of Eq. (II.14) by using the convenient delta

function identities

2—11:’ Texpli(®—wo)(t —t)lde = 8(t' —t), (IL16)

as well as

5171:_ T((D — o) expli(® — mo)(t' —t)ldw = 15N (t' ~t), (1.17)

and

ﬁ T(w—mo)z expli(®— mo)(t' —t)ldw = 1§ (t' —t), (IL18)

In these expressions, §™ (' —t) is the nth-order derivative of the Dirac delta function,

with the property of that
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n
J fflt)) , (I1.19)
at t=to

[8™ - of (ndt = (

when applied to a function f(1). Substituting Eq. (I1.15) into Eq. (II.14) and using Eqs.
(I1.16) to (11.19), the second term on the left side of Eq. (I1.7) becomes

1 92
———=—Dq(z,1)

c2 ot?

I J(k3+ kok{ (0 — o) + ko k@ (0-wo)* A1)

=1
2 —00
xexplio(t' —t)]Jexp[i(koz — wo t)]dwdt’

I[k S - +i2kok$’ 8V (v -0+ ko kP8P (v -n]A(z.t')

xexpli(koz — wpt)]dt'

0A(z.1) A

=[Kk2A +i2k k(l) — ()2 _=»7

[k§Aev 0 0 koks 3¢ ]
X expli(koz — wot)]. (11.20)

Inserting Egs. (II.13) and (I1.20) into Eq. (II.7) with the approximation of

0% PuL(z, v _

3¢ — 03P (z.0), (IL.21)

finally, yields the time-dependent nonlinear wave equation:

i(aA(z.t)+__l_8A<z.:)) ka,a A@y __ 27wy

0z Vg ot 2 ot? koc?
X exp[—i(koz—wot)]. (11.22)

PnL(z,t)
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where vy is the group velocity. In Eq. (I1.22), the first two terms on the left side describes
the developing propagation at the group velocity; the third term determines the temporal
pulse broadening due to the group velocity dispersion; and the terms on the right side
characterizes the nonlinear polarization which is responsible for different kinds of
nonlinear phenomena. This equation is frequently used in later sections. The nonlinear
polarization Pyi in Eq. (I1.22) depends on the different conditions such as for SPM and
XPM under different polarization bases. More details of the nonlinear wave equations for

SPM and XPM can be found in Appendix.
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I1.3 Self-phase Modulation (SPM)

SPM was first proposed by Shimisul!7] to explain the observed spectral
broadening of the self-focused Q-switched nanosecond laser pulse in liquid with large
optical Kerr constants. In this case, the spectral broadening was relatively small (~100
cm-1). Alfano and Shapiro showed that with picosecond laser pulses, it is possible to
generate by SPM spectrally broadened output extending over 10,000 cm-! in almost any
transparent condensed mediuml!8. 19], In order to study a pure SPM process, one would
like to keep the beam cross section constant over the entire propagation distance in the
medium. A single-mode optical fiber is ideal since the beam cross section of a guided
wave should be constant. Stolen and Lin found that the observed spectral broadening of a
laser pulse propagating through a long fiber can be well explained by the simple SPM
theoryl20), Recently the fine structures of the SPM spectral broadening have been

measured and were in good agreement with the theoretical expectations[21],

The nonlinear wave equation (I1.22) can be used to describe SPM. For one optical
wave, Eq. (I1.22) can be further reduced by neglecting the group-velocity dispersion and

expressed as:

OA 1 0A ;om0 (I.23)

0z v, ot c

where np = 3Xﬁ)” / 81, is the nonlinear refractive index coefficient and ny is the

linear refractive index. Eq. (I11.23) was derived using the following approximations: (1) a
single linearly polarized electric field; (2) slowly varying pulse envelope; (3) isotropic

and homogenous medium; (4) frequency independent nonlinear susceptibility %(3); (5)

negligible Raman effect; and (6) neglecting the group velocity dispersion, absorption,
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self-steeping. The basic mechanism and properties of SPM can be explained using Eq.

(I1.23) which is from reference [16}. By changing the variables with:

T=t—2z/vg and z=z, (11.24)

where t is real time, and T is defined as the pulse local time. Denoting by a(z,t) and

O(z,t) the amplitude and the phase of the electric envelope of the laser pulse,

respectively, the pulse slowly varying profile A(z;) can be written as

Azt = aEnexpliognls (I1.25)

therefore, Eq. (I1.23) reduces to

oa

a_o, (1126

o )
o (Do nz 2

-_— =0, I1.26b

% - ( )

The analytical solutions of Eqs. (I1.26) for the nonlinear phase modulation and the slowly

changing amplitude of a light pulse can be obtained as

a(z,7) =agF(), (11.27a)
Oliz.ry=2012 a2 Z Fy). (11.27b)

c

where ao is the peak amplitude of the laser pulse and Fr) is the envelope of the light

pulse.
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From the solution (I1.27), the main physics of SPM is that the phase of an optical
pulse propagating in a nonlinear medium becomes time dependent in the pulse profile,
and results in SPM. The frequency of the electric field will be continuously shifted in
time. This process is the most important in the supercontinuum generation of
femtosecond laser pulses. Because the pulse duration is much larger than the optical
period 21t/®, (slowly varying approximation), the electric field at each given t within the

pulse has a specific local instantaneous frequency that is given by

(1) = Wo + 6 (1), (11.28)

(11.29)

where 8(t) is the frequency shift generated at a particular local time T within the pulse
envelope. This frequency shift is proportional to the derivative of the pulse envelope with
respect to T, the nonlinear index, and the intensity of the pulse. The frequency shift will
generate a wide_r spectrum of the laser pulse. This mechanism is schematically shown in
Figure 11.1. The nonlinear index change is shown in Figure II.1(a) vs the local time. This
nonlinear index change has the same profile with the propagating optical pulse for the
nonlinear medium having instantaneous response. The time rate of the index change is
shown in Figure I1.1(b) and the frequency change at different local time is shown in
Figure I1.1(c). The frequency of the leading edge of the laser pulse (near 71) shows a shift
to Stokes side (red-shift) and the frequency of the tailing edge of the laser pulse (near 13)
shows a shift to anti-Stokes side (blue-shift). In some nonlinear medium having a large

nonlinear refractive index n [18. 19], these frequency broadening in the ultrashort laser
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Figure il. 1 Time dependent index, phase, and frequency shift generated
by self-phase modulation (SPM). (a). time-dependent nonlinear index
change; (b). time rate of index change; and (c). time distribution of SPM

frequency shift w(t)-wo.
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pulse profile can be tremendously large to produce the ultrashort white light pulses. This

process is defined as supercontinuum generation.

Ultrashort optical pulses having correspondingly broad spectral profiles are
therefore sensitive to dispersion phenomenon. The group-velocity dispersion (GVD) is
that the different frequency components of optical pulses will propagate at different
speeds through a dispersive medium. One observable consequence of GVD is the
temporal broadening of he propagating optical pulses. For ultrashort laser pulses without
passing through any nonlinear medium, their spectral bandwidths are usually narrow and
the distribution of all the spectral components are uniform in the pulse temporal profiles.
When these laser pulses propagate in a nonlinear medium, SPM causes the spectral
broadening as we discussed. There will be a resulting distribution of frequency
components throughout the temporal envelope which is described as 'chirped' [22,23], A
positive chirp corresponds to an increase in frequency with time and a negative chirp
corresponds to a decrease in frequency with tirﬁe. Figure 11.2(a) shows the electric field of
an optical pulse without 5ny chirp. The frequency distribution is uniform throughout the
pulse temporal profile. Figure I1.2(b) shows the electric field of a pulse with a positive
chirp or up-chirp. Figure I1.2(c) shows the electric field of a pulse with a negative chirp or

down-chirp.

It should be understood that the GVD changes the temporal profile the optical
pulses, it does not change the spectral profiles. It me;ely adjust the relative temporal
positions of the spectral components. Silica glass, the standard optical medium, is said to
exhibit 'normal' dispersion for visible light. This corresponds to the situation where the
higher frequencies travel slower than lower frequencies. An initially unchirped optical
pulse will therefore become positively chirped after propagating through a medium with

normal dispersion. Conversely, the situation where the higher frequencies travel faster

36



) M Af nﬂvnv;\u%.__ .

Il

—dw | V' +dw
Red-shift 00 Blue-shift
\ |
() v_uﬂv,\umﬂnf A N~
“UW v \/ t
+o0 'V | -0
‘Blue-shift o Red-shift

Figure 11.2 Schematic of the electric field of an optical pulse with (a) no
frequency chirp, (b) positive frequency chirp, and (c) negative frequency
chirp.
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than lower frequencies is described as anomalous dispersion. Propagation of a unchirped
pulse through such a medium will produce a negative frequency chirp. Note that in
principle the effect of propagation through a dispersive medium can be reversed by
propagation through a medium of the opposite dispersion. This phenomenon has been

used as a standard technique of pulse compression[23-27],

The complex-field spectral profiles E(z, @-0,) of the optical pulse after SPM
process can be obtained by computing the Fourier transformation of its temporal pulse

distribution as

E(z, 0-w,) = ﬁ [A(t,z)exp(—iwoT)exp(—iwT)dT

= ﬁ {a(t,z)explio(T,z)]exp[i(®— wo)T]dT. (I1.30)

The spectral intensity distribution of the pulse is given by
|E(z,0-00)?. (IL31)

The maximum frequency spread can be estimated by!!6]

dF?2 dF?
O, - a:) ) (11.32)

(l)onz Zaz(

A(l)(z)max = o\ T5e

where T and T are the pulse envelope inflection points as depicted in Figure II.1. For a

Gaussian laser pulse given by

F(r) = exp(—-1%/213), (I1.33)
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where 1¢ is the 1/e pulse duration, the maximum frequency extent is

Wo N2
A W(zymax = Co Zacz)'

(I1.33)
To

An example of SPM is shown in Figure I1.3. A 4.5 ps full-width at half-maximum
(FWHM) Gaussian laser pulse is assumed to propagate in a nonlinear medium that gives
a modulated SPM spectral output. The nonlinear phase change has an analytical solution
such as Eq. (I1.27) and then the complex electric field of the spectral profile of the optical
pulse is calculated using Eq. (I1.30) numerically. Finally, the spectrum intensity
distribution is calculated using Eq. (IL.31). The spectrum of the output shows a
broadening of several hundreds cm-! with quasi-periodic oscillation. It is symmetric with
respect to the incoming laser frequency because the SPM pulse is symmetric. The leading
half of the A¢ pulse is responsible for the Stokes broadening and the lagging half for the
anti-Stokes broadening. The peaks and valleys in the spectrum are from the interference
of the new generated frequencies. The broadened spectrum has Stokes to anti-Stokes
symmetry because A¢(t) is directly proportional to the intensity and the laser pulse is
symmetric. For an asymmetrical laser pulse, meaning that the leading and tailing edges of
the laser pulse have different time, the nonlinear phase change A¢(t) will be asymmetrical
too. Its time rate is also different between the leading and tailing edge. The spectral

broadening is asymmetrical for red and blue shifts.

If the response of the medium to the laser pulse is not instantaneous. The spectral
broadening will be also asymmetric. In this case, the Eq. (I1.27b) which is valid for an
instantaneous medium will have to be modified for the transient response medium(!6],

The nonlinear phase change therefore is
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Figure 11.3 Theoretical spectral distribution obtained by assuming an instaneous
respones of An to the intensity, so that the phase modulation A¢ is propotional to
laser intensity. (a). A¢ versus t ;and (b). spectral distribution of the phase
modulated pulse.
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(x(z.r)=% a, .[g wa N2(z,1~t) F%’t)dtdz‘ (IL.34)

where nj(z, 1.1) is the time dependent nonlinear refractive index. This nonlinear phase
change has to be calculated numerically. Then by the time rate of the nonlinear phase
change, the SPM spectral intensity distribution can be calculated numerically. A
calculation of the spectral intensity distribution of a laser pulse is shown in Figure I1.4 for
a transient response medium. Because of the finite response time of the medium, the .
leading part of the A¢(t) curve always see a larger portion of the pulse intensity.

Therefore, the Stokes side of the spectrum is always stronger.

The SPM induced spectra broadening has been measured for different
wavelengths in various of materials. Figure IL.5 displays an experimental arrangement of
measuring the spectral broadening of picosecond laser pulse propagating in single optical
fibers. The laser pulses at 1064 nm and 532 nm were generated from a Nd:YAG laser
system. The 1/e pulse durations were 39 ps and 28 ps, respectively, and the pulse energies
were approximately 2 pJ and 200 nJ for 1064 nm and 532 nm, respectively. A set of color
filters were used to select the wavelength of the laser pulses. The laser pulses were
coupled into a 1-meter single-mode optical fiber with a 10x micro-objective lens. A set of
neutral density filters was used in front of the micro-objective lens to control the pulse
energy coupled into the optical fiber. The optical signal pulse from the optical fiber was
collected with another 10x micro-objective lens. The beam was then split into two. On
beam was used to monitor the intensities of the pulses coupled into the optical fiber by a
photomultiplier tube. The other beam passed through a spectral analysis system and the
spectrum was recorded by a computer controlled charge-coupled-device (CCD) camera.

This system had a dispersion of 0.005 nm/pixel at the wavelength of 532 nm and 0.01 nm
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Figure 11.4 Theoretical spectral distribution obtained by assuming a transient

response of An to the laser intensity, so that A¢ is no longer proportional to
the intensity. The nonlinear phase change is similar to that of an asymmetric

laser pulse in an instaneouse respones medium. (a). A¢ vs. t; and (b).
spectrum of the phase modulated pulse.
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Figure 1.5 The experiemntal setup to observe the SPM induced spectral
broadening picosecond laser pulses propagating in nonbirefringent
single-mode optical fibers. M: mirror; P: polarizer; F: color filter; L:

micro-objective lens.



at 1064 nm. The single-mode optical fibers had core diameters of 2.5 um and 4 um for

532 nm and 1064 nm laser light, respectively, and the same cladding diameter of 125 pum.

The measure spectra broadening of SPM are displayed in the right columns in
Figure 11.6 and 7 for 532 nm and 1064 nm, respectively. The left-columns of Figure IL.6
and 7 shows the numerical solutions of expression (I1.31) for laser pulses at 532 nm and
1064, respectively. The calculations; and measurements are in good agreement. In
calculation, the initial pulse shape at 532 nm is assumed Gaussian. The spectral
bandwidth of the input laser for 532 nm pulse is smaller than 0.1 nm as shown in Figure
I1.7(a). The length of the optical fiber used in the calculation is 1 meter which is the same
as used in experiment. As the intensity of the input laser pulse increases, the spectrum of
the output signal broadens. Large-intensity oscillations occur at the same time because of
the interferencelll], In the same spectrum the width of the maxim near the input laser
frequency is smaller than that farther away from the input laser frequency. The most
outside maxims have the largest widths. For different spectra the widths of the maxim at
the same wavelength of the spectra of higher-intensity laser pulses are smaller than those
for lower-intensity pulses. The peak intensities of the outermost maxim for all the

different intensities remain the largest, as can be seen in Figures IL. 6(b) to 6(f).

The SPM spectral broadening for Jaser pulses at 1064 nm are displayed in the left
column of Figure II.7. The results are similar to those displayed in the left column of
Figure II. 6 for laser pulse at the wavelength of 532 nm. The measured SPM spectral
profiles on the right columns of Figure II. 6 and 7 are in good agreement with the
calculations. The modulation structures of the central regions of the measured spectra are

not clear. This is believed due to the limited resolution of the spectral detection system.



The frequency extent of SPM is inversely proportional to the pump pulse duration
as shown in Eq. (I1.33). The shorter the incoming pulse, the greater the frequency
extent[28.29], The first white light broadening supercontinuum pulses were generated
using picosecond laser pulses. The spectral broadening is proportional to the nonlinear
refraction index ny. The supercontinuum generation can be enhanced by using the
material having a high nonlinear refractive index(30:31], The spectral broadening is also

proportional to wo, medium length z, and the intensity ag2.
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Figure 1.6 Left column: Calculated SPM spectra of 532-nm laser pulses
propagating in a 1-m optical fiber. Right column: Measured SPM specrtral
curves of 532-nm laser pulse propagating in a 1-m 2.5 um-core single-mode
optical fiber with different input peak powers. (a). Input laser; (b). Po= 110 w;
(c). Po= 225 w; (d). Po= 460 w; (e). Po= 630 w; (f). Po= 790 w.
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Figure 1.7 Left column: Calculated SPM spectra of 1064-nm laser pulses
propagating in a 1-m optical fiber. Right column: Measured SPM specrtral
curves of 1064-nm laser pulse propagating in a 1-m 4 pm-core single-mode
optical fiber with different input peak powers. (a). Input laser; (b). Po= 1800 w;
(c). Po= 2300 w; (d). Po= 3900 w; (e). Po= 4900 w; (f). Po= 5700 w.
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I1.4 Cross-phase Modulation (XPM)

When two or more optical waves copropagate inside a fiber, they can interact with
each other through the fiber nonlinearity. Under appropriate conditions, such interactions
can generate new optical waves through a variety of nonlinear phenomena such as four-
wave mixing, stimulated Raman and Brillouin scattering, and third harmonic generation.
However, the most important third order nonlinear phenomena in optical fibers is referred
as cross-phase modulation (XPM). XPM is always accompanied by SPM and occurs
because the effective refractive index of an optical wave depends on the not only the

intensity of this wave but also the intensity of other coprpagating optical waves[4-8,32-39],

The spectral broadening due to XPM is sketched in Figure I1.8. An intense laser
pulse at the frequency of ®; is used to induce the time-dependent nonlinear index change
and dynamically alter the phase and frequency of a weak probe pulse at w;. Without ®;,
the spectrum of the weak laser pulse will be broadened through the SPM process of this
weak pulse its own. This broadening is usually very small because of the low intensity of
the weak pulse. With an intense ®;, the spectral broadening the weak pulse will be much
enhanced depending on the intensity of the pump pulse and the time delay between the
two laser pulses. The spectral shift of XPM which is controlled by the time delays is
illustrated in Figure I1.9. When the pump and probe pulses overlap totally, the probe
pulse has a frequency shift similar to that of the pump pulse. The leading edge of the
probe pulse is red-shifted and the trailing edge is blue-shifted. When the probe pulse
overlaps with the leading edge of the pump pulse, the phase of the probe pulse is
modulated by the index change caused by the leading edge of the pump pulse and its
frequency is red-shifted. When the probe pulse overlap with the trailing edge of the pump
pulse, the phase of the probe pulse is modulated by the index change caused by the tailing

edge of the pump pulse and its frequency is blue-shifted.
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Fgiure 11.8 A schematic of XPM process. The induced spectral broadening of
a weak probe pulse at ®2 modulated by an intense laser pulse at ®1.
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Figure 11.9 XPM with different time delays between the strong pump and
weak probe pulses. (a) when the probe pulse and pump pulse totally overlap,
the leading edge of the probe pulse is red-shifted and the trailing edge is
blue-shifted; (b) when the weak probe pulse overlaps with the leading edge
of the pump pulse, its frequency is red-shifted; and (c) when the probe pulse
overlaps with the trailing edge of the pump pulse, its frequency is
blue-shifted.
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" XPM processes have been investigated in optical fibers for different conditions.
Two typical arrangements are for two waves with the same polarization but different
frequencies and for two wave with the same frequency but different polarizations, the
latter case is called degenerate cross-phase modulation (DXPM)[36, 40}, For polarization,
different polarization bases can be selected for different optical fiber by considering the
propagating stability of the laser pulses. Usually, linear polarization bases are used to
discuss two optical wave having the same linear polarization but at different wavelength.
Using the quasi-monochromatic approximation, the total electric field can be written as

the rapidly varying part and the amplitude envelope part and can be expressed as:
- 1- , .
Etan=3 ex{Ai(rn2.ne @ P+ Ay rane @R ), 135)

-
where e, is the polarization unit vector, ) and w; are the center frequencies of the two

optical waves, B; and B, are propagating constants, Aj and A2 are the slowly varying
amplitude envelopes of them. Assuming that the nonlinear response is instantaneous and
no attenuation in the isotropic medium. and no wavelength dependence for the nonlinear

susceptibility %(3), the nonlinear polarization reduce to

- 3
P (r,z1) = Z( )E3(r. 1), (11.36)

Substituting the total electric field in Eq. (I1.35) into (I1.36) and keeping only the

terms synchronized with w; and ®3, one obtains

- - -
P 2.0 = PM(r,z.0) + PR 2.1), (11.37a)
-

Plnzn = 3 29 A S + 2140 A, gl@r-Pid), (1137b)
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P2 (rzf) =2 x‘-" A, +21A 1) A, eflert-Pid), (I1.37c)

- -
where P{" and P'z" are the nonlinear polarizations at frequencies ®w; and s,

respectively. Substituting Eqgs. (I1.37) into Eq. (I1.22) and separating the equations which

describe the propagation of the laser pulses at different frequencies ®) and w3, one

obtains the nonlinear wave equations that govern the propagation of the optical pulses:

a"A,+ 1 8A, k(z)a Al 0)]’12(

82: Vel (9I 2 81 c
) A2 1 0 A2 Sz) 9 A2 w2 n2 (
c

1A% +214,P) A, (I1.38a)

+ 14,7 +214,P) A, (I1.38b)

aZ v82 at

where Vg is the group velocity for the wave i, ki(?) is the group velocity dispersion for the
wave i, and np=3y(3)/8n is the nonlinear refractive index. The first terms in the right sides
of Egs. (I1.38) are SPM terms and the second terms are the XPM terms. Eqgs. (I11.38) also
show that XPM terms are twice larger than SPM terms for two optical waves at the same

linear polarization state.

Similarly, the nonlinear coupling equations for two laser pulses having different
linear polarization states can be obtained. The wavelengths of the laser pulses can be

either the same or different. The total electric field can be expressed as

E(rzn= ElexAx(r.z.t)e'(“’"'pX“+eyAy(r. zne@'-Bycc ), (1139)

- -
where ey, and ey are the unit vectors of the two perpendicular linear polarizations. The

nonlinear coupling equations can be obtained as
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an+ 1 an+_i_ azAx=i(0xn2

k@

0z vg Ot 2 dt? c
2 1 . .
x [0A2+ 3 14,7 Ay + 3 Ay A exp(-i2AB)], (1L.40a)
aAy+ 1 aIAy i (2)82Ay=imyn2
aZ ng at 2 y a t2 C
x [0A,2+ %lelz) Ay + % A2 A, exp(i2A6)], (IL.40b)

where AB=Bx-By is the wave vector mismatch for the two optical waves. The first and
second terms in the right sides of Eqgs. (11.40) are the SPM and XPM, respectively, such
as in the Eqgs. (I1.38) except that XPM here is smaller (only 2/3) than SPM. The third
terms in the right sides of Egs. (I11.40) are known as the degenerate four-wave mixing
(DFWM) terms. When the frequencies of the two optical waves are not equal, means
@y # @y and the wave vector mismatch AB>>0, these terms will oscillate and then
vanish. There is no net effect in this case. When two optical wave are at these same
frequency which is called degenerate case. The DFWM terms is steady because of the
wave vector mismatch AP=0. DFWM processes will modulate the phase and cause the
amplitudes of the two optical waves coupling with each other during nonlinear

interactions of the optical waves.

XPM phenomenon in a nonlinear medium can be discussed using different
polarization bases. Two perpendicular linear polarization bases have been used in Egs.
(11.38) and (11.40). Mathematically, any two orthogonally polarized unit vectors can be
selected as the polarization bases to describe the propagation of optical waves in optical
fibers. Another well-known polarization bases are two opposite rotating circularly

polarized unit vectors. They can be expressed using linear polarization bases as:
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1 - -
er= _«/7( ex—iey), (IL41a)
1 - -
eL= —ﬁ( extiey), (IL41b)
- -

where ep, and e are the right- and left-handed unit vectors, respectively. The nonlinear

coupling equations between two opposite-rotating circularly polarized optical waves

with wr and w1 for the right- and left- handed, respectively, can be obtained by
calculating the nonlinear polarization Pypunder circular polarization basis and

substituting Py, into Eq. (I11.22). The nonlinear wave equations are

dAr 1 JAr, kg)a Ar _ wR'u('%lARlz-l-i'Ale)ARv (11.422)
5’2 VgR a’ 2 ¢ 3

aAL+ 1 aAL &2)8 AL a)an(

aZ VgL a’ 2

lALP + %IARIZ) AL, (1L42b)

where AR(z,t) and AL (z,t) are the amplitude envelopes of the laser pulses for right-

and left- handed wave, respectively. For two circularly polarized optical waves at the

same rotating direction (right- or left-handed). Th e nonlinear coupling equations are

dA 1 aA] $2) 82A1 wln2(

+ A+ —|A2I2)Al. (I1.432)

d Az laAz 2)3 Az joem 2y, 0 1 0
+ =lAl"+=1A1I)4A,, @1.43b)

where Aj(z,1) and Aj(z,r) are the amplitude envelopes of the laser pulses, and wj, o,
are their frequencies. The first and second terms in the right sides of the Eqgs. (11.42) and

(11.43) are SPM and XPM processes, respectively.

54



The nonlinear interactions of two optical waves have been shown theoretically in
the nonlinear coupling equations (I11.38), (11.40), (I11.42), and (11.43) for different
configuration. By using linear and circular polarization bases, many interesting properties
can be demonstrated. For two linearly polarized optical waves, XPM is twice large than
SPM in Egs. (I1.38) if they are in the parallel linear polarization; but XPM is 2/3 of SPM
as shown in Egs. (11.40) for two optical waves at perpendicular linear polarizations.
However, these characteristics are different for two circularly polarized optical waves.
XPM is only half of SPM if two optical waves are at the same circularly polarized state
(right-handed or left-handed); and XPM is twice of SPM for two optical waves at
opposite circularly polarized states. In additional, the DWFM terms does not appear
under the circular polarization bases. There is no amplitude coupling during the nonlinear

interaction of two circularly polarized optical waves.

In the most general case, numerical methods have to be used to solve these
nonlinear coupling equations. However, the analytical solutions can be obtained when the
group velocity dispersion temporal broadening can be neglected. As an example, the
typical nonlinear wave equation (II.38) will be solved to demonstrate the spectral
modulations caused by XPM processes. Eq. (I1.38) is almost the same as Eqgs. (I1.42) and
(11.43) except their coefficients are different. They have similar properties and cause same
spectral broadening structures: By denoting the slowly changing envelope and phase of

the pulses with A and o, we obtain:

A1(1.2) = a)12) €% and  Aj(t.2) = ap(rz)€ %X (I1.44)

and assuming k1(2)=k2(2)=0, Eqs. (I1.38) reduce to
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8

? =0, (11.45a)
2o =i a2 +243), (I1.45b)
ok c

1
daz + L _ )6,‘22 =0, (I1.45¢)
aZ ng 'ng aT
dar _ 192, [a3+2a}l, (11.45d)
oz c .

where T =(t—2/ vgl)/ To is the local time and Ty is the l/e pulse duration. In

addition, Gaussian pulse shapes are chosen at the input z=0:

—l
Ajirz=0= Ajpe”" /2, (11.46a)
2
Ap(rz=0)= Agge (F-7a) 12, (I1.46a)

where Ajg and Apg is the input peak amplitudes of the laser pulses, and t4=t4/t, is the
normalized time delay between pulses at z=0. With these initial conditions, the solutions
for the amplitudes and phases of the optical pulses after propagating in an optical fiber

with length z are

P J :
Al(r.) = Arpe™™ 2 gfoutra), (I1.47a)

ety e
Ad(r.) = Agpe Tt Lw) 12 gloatra), (IL47b)

()
oy(t, z2) = -‘%’-nzzhoe“‘2 +2'\/E'ZI'HZLWIZO
b4
*[erf(T — 74)—erf(T — 14— L—)]. (IL.47c)
w
0 e 2 0
ola(T, 2) = —fn::_ZIzoe'(T 4-2z/Lw) +2\/E—C—2-n2Lwlzo,

*[erf(7) — erf(7 - —5—)], (11.47d)
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where 11g and I5g are the input intensities of the laser pulses, and Lw=To/(1/vgi-1/vg2) is
defined as the walk-off length. Eqs. (I1.47) give the nonlinear phase changes for laser
pulses propagating in a nonlinear medium. This phase modulation will generate new
frequencies as SPM does. The first terms on the right-handed side of Egs. (I1.47¢c and
47d) are the SPM induced phase changes which will broaden the spectrum of the optical
pulse itself. The second terms on the right-handed side of Egs. (I1.47c and 47d) are the
XPM induced phase changes which will broaden the spectrum of the other copropagating
optical pulse. The nonlinear phase change coefficient of XPM is twice of the SPM. One
can also find that XPM induced phase changes are sensitive to optical delay 74 between
the two optical pulses and the walk-off distance L. The instantaneous nonlinear
frequency changes are obtained by differentiating the phase changes in (I1.47c) and

(11.47d) according to the formula 803(1) = —go. / 0T. The instantaneous nonlinear

frequency changes are:

0 zZ _ .2 ) L
Awi(r, Z)=2?1n2110-—’lieT +4—]n2120——vl

To C To
*[(T— td)e'("‘d)2 —(T—19—2/Ly)e w2 Lw)2]. (11.48a)
AWt 2) = 2@ n» IZO'E‘(T — T4 Z/Lw) e-(‘t—rd—z/Lw)Z
C To
+4% nzIzo%[‘C e - (T—2z/Ly)e (2 Lw)2], (11.48b)
(8]

where A®=0-0) and Awy=w0-w3. The first and second terms on the right-handed side of
Eqgs. (11.48) are the contributions of SPM and XPM, respectively. The XPM induced
frequency change is twice of that induced by SPM. The XPM induced frequency shift

also depends on the initial optical delay T4 and the walk-off distance L. Finally, the
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spectral profiles can be studied by computing the Fourier transform as shown in Egs.

(I1.30).

A calculation of the DXPM spectra is shown in Figure I1.10 for two parallely
linearly polarized 30-ps laser pulses at the wavelength of 532 nm propagating in an
optical fiber. The length of the optical fiber is 1 meter. The energy of the intense laser
pulse (pump) is 30 nJ. The energy of the weak laser pulse (probe) is small enough and
can be neglected. The optical delay between two laser pulses is also set to zero. There is
no walk-off because these laser pulses are at the same wavelength and the nonlinear
medium is assumed to be isc;tropic. Figure I1.10(a) and (b) is the spectrum of the pump
and probe laser pulse, respectively. The broadening of the pump spectrum is caused by
SPM of the pump pulse itself. The broadening of the Figure 10 probe spectrum is caused
by the DXPM between the two laser pulses. It has been found that the modulated spectral
structure of DXPM spectrum has similar oscillating properties to the SPM spectrum.l The
broadening of the DXPM spectrum is twice larger than that of the SPM. This can be
understood by checking the nonlinear coupling equations (I1.38) in which the coefficient

of DXPM is two times of SPM.

Nondegenerate XPM spectra have also been calculated for two laser pulses
propagating in an optical fiber with the same parallel linear polarization and different
wavelengths. The calculated results are shown in Figure II.11 for laser pulses at the
wavelengths of 1064 nm and 532 nm as pump and probe, respectively. The spectral
bandwidths of the input two laser pulses are both less than 0.1 nm. The pulse durations of
these two laser pulses are assumed to be 35 ps and 50 ps for 532 nm and 1064 nm laser
pulses, respectively (In experiment, 532 nm pulse is the second harmonic of the 1064 nm
laser pulse, the 532 nm pulse is shorter than 1064 nm pulse). The spectral broadening of

the pump pulse is because of the SPM of pump pulse itself as shown in Figure I1.11(a).
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Figure 11.10 Theoretical spectra of DXPM of 30-ps laser pulses at wavelength
of 532 nm propagating in a 1-m optical fiber. Time delay between two pulse is
zero. (a). SPM spectum distribution of the pump (intense) pulse; and (b). XPM
spectral profile of the probe (weak) pulse. Note the broadening of XPM
spectrum is twice larger than that of SPM.
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The XPM induced spectral broadening is displayed from Figure I1.11(b) to (d) for
different initial time delays. The walk-off distance of the two laser pulses is about 1 meter
which is the same as the fiber length used in the calculation. In Figure I1.10(b), the initial
time delay is tg=0 ps. The XPM spectrum broadened to only anti-Stokes side. This can be
explained as a result of walk-off. The pump pulse at the wavelength 1064 nm propagates
faster than the probe pulse in optical fibers. The probe pulse sees only the tail of the
pump and the probe shifted only one side. Using the same model, the XPM spectrum
broadened to both Stokes and anti-Stokes side for the initial delay of tg=31 ps as shown in
Figure II.11(c) and the XPM spectrum broadened to only Stokes side for the initial delay

of ty=61 ps as shown in Figure I1.11(d).

The XPM effects have been theoretically studied for many different
conditionsl!6.33], Experimental observation of XPM processes has been made in optical
fibers(32). The XPM effect can cause the pulse spectral broadening, it can also cause the
pulse polarization properties of the propagating laser pulse in an 'optical fiber. In next
section, the effect of XPM process on po]arization state of a laser pulse propagating in an
single-mode nonbirefringent optical fiber will be discussed. A model of XPM induced

polarization change of a linearly polarized laser pulse will be proposed.
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Figure 11.11 Theoretical spectra of XPM of two laser pulses at the
wavelengths of 1064 nm and 532 nm propagating in a 1-m optical fiber.
The pump pulse is at 1064 nm and 5§32 nm pulse is probe. The XPM
spectra are calculated for different initial time delay and the same pump
intensity. (a).The SPM spectrum of pump pulse; (b). The XPM spectrum at
initial time delay of td=0 ps; (c). The XPM spectrum at td=31 ps; (d). The
XPM spectrum at td=63 ps.
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I1.5 Nonlinear Polarization Stability of Laser Pulse Propagating in Optical Fibers

The polarization state of the optical waves propagating in an optical fiber is
important to many applications[41-42], A single-mode optical fiber with birefringence can
preserve the polarization state of the optical waves[43-46], When a single-mode optical
fiber is non-birefringent, the polarization state of the propagating optical waves will be
scrambled. Many effects in optical fibers can change the polarization states of the
propagating optical waves. The defects and strains that exist either randomly or are
introduced by bending or twisting in optical fibers will scatter the light between
orthogonal polarization modes. In addition, bending or twisting can also cause local fiber
birefringence which transfers the light to different polarization states. Linear effects cause
depolarization even when optical pulses are weak. Nonlinear effects may effect the

polarization state at high intensity.

The nonlinear processes in optical fibers such as SPM and XPM affect not only
the spectral properties of the propagating optical pulses, but also their temporal and
vectorial properties. The intensity-induced polarization changes of an optical wave
propagating in low-birefringent single-mode optical fibers have been intensively
investigated in past two decades. The polarization instabilities caused by intensity-
induced birefringence have been observed in birefringent optical fibers{47-49], The
polarization characteristics for ultrashort opﬁcd pulses propagating in non-birefringent
single-mode optical fibers has not been experimentally observed and the mechanism for

the intensity-induced depolarization has not been described.
Another important nonlinear phenomena on the polarization state of an optical

wave propagating in wave guides are the nonlinear-optical polarization rotation.

Theoretically, the intensity-induced polarization rotation of elliptically polarized optical
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waves propagating in single-mode optical fibers was first studied by Crosignani et all50],
They also developed a model for the nonlinear depolarization of a perfect linear
polarization state because of optical Kerr effect in low-birefringent optical fibers(511,
Self-induced polarization changes in optical fiber and the polarization instabilities in
birefringent media were studied by Winfull48.52] based on the intensity-induced vector

rotation model.

Experimentally, nonlinear-optical polarization rotation was first observed in
liquids by Maker et al [53). It was shown that when high-intensity elliptically polarized
light is focused into a liquid cell, the state of polarization of the light at the output is
altered as a result of optically induced birefringence. In solid material, the measurements
of intensity-induced polarization rotation (ellipse rotation) were first made by Owyoung
et all54], The results were used to calculate the nonlinear susceptibility values of the
glass. In optical wave guides, nonlinear polarization coupling and instabilities has been
experimentally demonstrated by Kashyap et all55] in a short single-mode liquid-cored
weakly birefringent fiber made of nitrobenzene-filled silica capillary. The results indicate
a possible application in nonlinear optical switching at low power. It also has been found
that the nonlinear effect caused the polarization instabilityl47.56], induced cross-

polarization changes[37] in low-birefringent single-mode glass fiber.

For the propagation of an optical wave in a low-birefringent single-mode optical
fiber, the nonlinear polarization instabilities were attributed to that the intensity-induced
index change of the optical fibers tends to cancel the natural low birefringence of the
fiber. At certain high intensity, the optical wave propagates equivalently in a non-
birefringent single-mode optical fiber. In order to well understand the propagation of a
laser pulse in optical fibers, the nonlinear effect of an optical wave in non-birefringent

single-mode optical fibers should be considered. When a weak laser pulse propagates in a

63



non-birefringent single-mode optical fiber, the polarization state of the pulse will not
change if the defects of the fiber can be neglected. This is true for a short optical fiber. At
high pulse intensity, nonlinear effects will dominate the polarization state of the laser
pulse. Nonlinear polarization rotation and depolarization for linearly polarized ultrashort
laser pulses in a short non-birefringent single-mode optical fiber can be modeled using

SPM and XPM theories.

To describe the polarization state of a laser pulse propagating in a non-
birefringent single-mode optical fiber, any two orthogonally polarized unit vector can be
selected as a set polarization bases. Undér this set of polarization bases, any polarization
state of light can be a superposition of the two orthogonally polarized components. Two

most useful sets of polarization bases are the two perpendicular linearly polarized unit

- -
vectors such as €x and €y and the two opposite rotation circularly polarized unit vectors
- -

such as er and eL. These two sets of polarization unit vectors can be transferred to each

other through the relation

- 1 - -

er= _\/—7_( ex—iey), (11.49a)
- 1] - -

eL= ﬁ( extiey). - (11.49b)

From Egs. (11.49), the circular polarization bases itself are the superposition of the linear
e 4
polarization bases. The right-handed polarization base er is the superposition of two

equal perpendicular linear polarization with a phase difference of n/2. The left-handed

_)
polarization base e is the superposition of two equal perpendicular linear polarization

with a phase difference of -n/2. On the other hand, the two linear polarization bases can



also treated as the superpositions of the equal two circular polarization with some phase

differences.

For a given polarization state, the amplitudes of these two components depends on
the different polarization bases. For example, an elliptically polarized light with an
eccentricity of ~0 (almost circularly polarized) can be treated as two linearly polarized
states with a phase difference of /2 and almost the same amplitudes, or equivalently it
'can be treated as two circularly polarized components with zero phase difference and a
large disparity of amplitudes. Another example is slightly depolarized linearly polarized
laser light, this polarization state can be described as the superposition of the two
perpendicular linearly polarized components with a large amplitude difference and a
phase difference of n/2 using linear polarization bases. It can also be described as a
superposition of the two opposite rotating circularly polarized components with almost

equal amplitude and a phase difference of zero under circular polarization bases.

In the principle of XPM, when the two laser pulses have the same wavelength but
different polarization states, this case was referred as the degenerate cross-phase
modulation (DXPM). These two laser pulse having the same wavelength and different
polarization states do not have to come from two physically separated pulses. They can
be the two polarization components from one single laser pulsel58], These two
polarization components of a laser pules can act as two laser pulses copropagate with
certain phase and amplitude differences. The intense component is the pump pulse and
the weak component is the probe pulse. A key point which should be considered is the
stability of the polarization of these two components in the pulse propagation in a
nonlinear medium. If these two component are stable, meaning that their amplitudes do
not change and they do not transfer energy from each other, the DXPM spectral

broadening can be observed at the output signall58], If these two components are not
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stable in propagation, meaning that they will coupled to each other, their spectra will
mixed up at the output. Therefore, the DXPM spectral broadening can not be observed in
this case. We will discuss the nonlinear wave equations under different polarization bases
to find the polarization stability of the ultrashort laser pulses propagating in non-

birefringent single-mode optical fibers.

The nonlinear wave equations for two linearly polarized laser pulses or the two
linearly polarized components of a single laser pulse is the equations (I1.40) which is also

listed here

dA, . 1 dAc i, 3°Ax .02
x+____x+_ 2) X _ x 12
0z vy Ot 2kx dt? e
2 1 " )
x [1A P+ 3 1A,) Ay + §A).2 A, exp(=i2AB)], (IL40a2)
dA, 1 dA, i, ,d0°Ay .0ym
k@ = y
%z ve a 29 op e
1 * . i
x (04,7 + %IAxlz) Ay + EA"z A, exp(i2AB2)). (I1.40b)

where Ay and Ay are the slowly changing pulse envelopes of the two linearly polarized
components of a single pulse or for two linearly polarized separated laser pulses. There
are three terms on the left-handed side. The first and second terms represent for SPM and
DXPM, respectively. The coefficient of DXPM is 2/3 of SPM and so the DXPM spectral
broadening is 2/3 of that of SPM. The third term is the degenerate four-wave-mixing
(DWFM) term. SPM and DXPM terms will affect the phase of the two laser pulse and so
generate new optical frequencies, but they do not cause their amplitudes change in
propagation. The DWFM term will directly modulate the amplitudes of these laser pulses.

It will cause the energy of these two optical pulses coupled to each other. In experiment,
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the energies of the observed two linearly polarized optical pulses are not stable and their

spectra do not show a broadening ratio of 2/3 because of the mixing up of the two pulses.

This DWFM process is important for the optical pulses propagating in

nonbirefringent medium because of the wave vector mismatch AB=0 which will lead the

DWFM terms to be steady ones. In birefringent medium, two optical pulses have a wave

vector mismatch of AB # 0. The terms of DWFM process are oscillating ones. When
these pulses propagate a distance long enough in the medium, the effect can be
neglected. As a matter of fact, these pulse will be spatially separated if they propagate in

a medium long enough with different wave vectors.

Similar discussion can be applied to two circularly polarized optical pulses. In fact
the nonlinear wave equations for two linearly polarized optical pulse can be easily
transferred into those for two circularly polarized optical pulses. Under linear and circular

polarization bases, the slowly changing pulse electric field envelope can be expressed as:

- - d - -
A= Axex+Ayey = ARCR+ALCL: (11.50)

substituting Eqs. (11.49) into Eq. (I1.50), one can expect

1 .

Ar= —ﬁ(Ax +iAy), (IL.51a)
1 \

AL= —ﬁ(Ax —1Ay). (IL51b)

From the nonlinear wave equations (I1.40a) and (I1.40b) for AB=0 and @x=0y=, we

have
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_1—:2{ (A2 +1AyP)(Ax—iAy)
+-§-(|Ax|2+|Ay|2)(Ax+iAy)*}. (11.52)

From Eq. (I1.50) we have

1A R +1A P = 1ARP +1ALR. (I1.53)

and from Eq. (I1.51) we have

AZ+Ay> =2ARAL. | (IL54)

Substituting Eq. (11.53) and (11.54) into Eq. (I11.52)

@ 13 i 0
—_——— — (2) 2 _
{az+vgxat+ RaFYY

_1-‘92{ (IARI2+|AL|2)(Ax—lAy)

}(Ax - lAy)
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2 Ca gk
+§AR AL(Ax+iA,) ). (I1.55)

Putting Egs. (IL.51) into Eq. (I1.55), we have the nonlinear wave equation for two
circularly polarized optical pulses with amplitudes of AR and Ay for right-handed

component which is listed here again:

dAr , 1 aAR 2)3 AR ; QRN 200 4
+ —lARF+=1A4;1) Ar, (1142
X% v ot 25* GlAR"+31A4LF) Ag, @aze

by similar calculation, the nonlinear wave equation for left-handed component is

+

8AL 1 8AL g)a AL a)an(
KR vy Of 2

—IALI2+%IARI2)AL. (11.42b)

Where AR and AL are the slowly changing pulse envelopes of the two circularly
polarized components of a single pulse or for two circularly polarized separated laser
pulses. The first and second terms on the left-handed side of these equations are represent
for SPM and DXPM, respectively. The coefficient of DXPM which is 3/4 is twice of that
for SPM which is 2/3. The spectral broadening of the DXPM of two circularly polarized
optical pulses is also twice of the spectral broadening of SPM. Interestingly enough in
Egs. (I1.42), the DWFM terms disappear, meaning that the nonlinear interactions between
two circularly polarized optical pulses are pure phase modulations. These phase
modulation processes just change the phase of the optical pulses. The amplitudes and so
the pulse envelopes do not change in these processes. This salient feature is different with
the nonlinear interactions of the two linearly polarized optical pulses where the DWFM

terms will cause the energies of the pulses transferring with each other.
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The nonlinear wave equations have different forms under different polarization
bases as shown in equations (I1.40) and (I1.42). The DXPM spectral broadening in linear
polarization bases which is 2/3 SPM broadening is smaller than that in circular
polarization bases which is 2 times of SPM broadening. The DWFM terms disappear
under circular polarization bases. From Eq. (52) to Eq. (55), it is clear that the DWFM
terms of linear polarization combine with part of SPM and become DXPM processes for
circular polarization. This indicates that the DWFM not only modulate the amplitudes of
the two optical pulses, but also modulate the phase of these pulses. Furthermore, SPM
spectral broadening is (3/2) lager than that of DXPM for linear polarizations, but part of
SPM in linear polarization becomes DXPM for circular polarizations and cause the

DXPM broadening is twice larger than that of SPM.

The physics essences of these equations are the same because these nonlinear
coupling equations (I1.40) and (1I.42) can be transferred to each other by using the
relations of the polarization bases for linear and circular polarization. When any light is
coupled into an optical fiber, the polarization state of the light can be descried by using
either two perpendicular linear polarization bases or two opposite rotating circular
polarization bases. Both nonlinear coupling equatioﬁs (I1.40) and (I1.42) can be used to
describe to the light propagation. Experimentally, there are different ways of observation
at the fiber output, different polarizing components can be measured such as two linearly
or circularly polarized components. When two circularly polarized components are
measured at the fiber output and Egs. (I1.42) are used in analyses, the results of these
equations are quite straight forward. In contrast, if two linearly polarized components are
observed but circularly polarized components are still used in the analyses of Eqs. (I1.42),
these linearly polarized components have to be calculated by the superposition of the

circularly polarized components according to Eqgs. (I1.49) for the relations of unit vectors.
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The solutions of these nonlinear coupling equations will give the self-induced
nonlinear effects on the spectrum and polarization state for a single laser pulse in single-
mode optical fibers. As discussed before, the first and second terms in the right side of
these equation are SPM and XPM processes, respectively. The third terms in the right
side of Eqs. (I1.41) are known as degenerate four wave mixing (DWFM). These DWFM
processes are important in the single pulse propagation in nonbirefringent single-mode
optical fibers because of the wave vector mismatch AB=0 which will lead the DWFM
terms to be steady ones. The DWFM processes will cause the amplitudes of the two
linear components coupled to each other, means the amplitudes of both linear
components of the laser pulse are not stable in the propagation. In opposite, the nonlinear
interactions of the circularly polarized laser pulses (or two circular components of a
single laser pulse) are bure phase modulation processes such as SPM and DXPM. The
amplitudes of the two circular components dose not change during the SPM and DXPM

processes, means that these circular polarization states are stable at high intensity.

The nonlinear wave equations describing by Eqs. (I1.40) for two linearly polarized
components can be solved only by using numerical method because of the DWFM terms.
The Egs. (I1.42) which give the same results as of Egs. (I1.40) for two circularly polarized
components can be analytically solved using some approximations. Assuming that the
third terms of the right sides of Eqs. (I1.41) are small enough, meaning that the group
velocity dispersion temporal broadening can be neglected. By denoting the slowly

changing envelope and phase of the pulse with A and o, we obtain:

Ar(7,2) = ap(z,z) e @R, (I1.56a)

AL(T.2) = aprq e 0L, (IL56b)
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Eqgs. (11.42) reduce to

% =0, (IL.57a)
% =0, (IL57b)
880;? l%nz [5 a%+ : a3l, (IL57c)
aaoz"' t%nz[ga +: 2], (11.57d)

where T = (t — 2/ 1)/ T is defined as the pulse local time and 7o is the 1/e pulse

duration. From these equations, one can find that the envelopes of the two circular
components do not change when the optical pulse propagates in a fiber as shown by Eqgs.
(I1.57a and b). The phases of the two components change with the intensities of these
components. Furthermore, the phase induced by DXPM on the second terms of Egs.
(I1.57c and d) is twice of that induced by SPM. In addition, Gaussian pulse shapes are
chosen at the input z=0:

Ar(rz=0=aoe™ /2, (I1.58a)
AL(rz=0=qaroe 2 , | (I1.58b)

where ajg and ajg is the input peak amplitudes of the laser pulses. With these initial
conditions, the solutions for the amplitudes and phases of the pulse after propagating in

optical fiber with length z are

agr(r,z) = ARO» (11.59a)

ar(r,z) = ALO» (11.59b)
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w 2 4

or(7, 2) = ’E‘ nz Z(g Iro + 3’ ILo) 6'72. (I1.59¢)
w 2 4

oL(t, z)= -(_:- n2 Z(‘g Iio+ 5 Iro) 6-72, (11.59d)

where I;g and Ipg are the intensities of the two circular components of input laser pulse.
Eqgs. (11.59) give the amplitudes and phases caused by SPM and DXPM processes for a
single laser pulse propagating in an optical fiber or any other nonlinear medium. As
expected, the amplitudes of the two circular components remain stable during the
propagation from the solution (II.59a and b), while the phases depend on the intensities of
right- and left-handed components. The nonlinear phases which are time-dependent are
responsible for the nonlinear polarization change in the pulse profile and new frequency

generation.

The stability of circularly polérized laser pulse has been displayed from the
solution (II.59a and b) of the nonlinear coupling equations. When a laser pulse is coupled
into optical fibers, its two circularly polarized components are stable during the nonlinear
interactions. The amplitudes of the two circular components are the same as the input
initial amplitudes. If the energies of the two circular components are measured at the fiber
output, the ratio of them is stable and dose not depend on the pulse intensity. The
nonlinear phases do not affect the output amplitudes of the two circular components. The
frequencies of the two circular components will be chirped through the nonlinear phase
modulation. The leading edges of the components will be shifted to Stokes side and the
tailing edges of the components will be shifted to anti-Stokes side. The spectral shifts

depends on the intensities of the two components through Egs. (II.59c and d).

For a perfect circularly polarized laser pulse which has only one component (such

as AR or A, only). From Egs. (I1.59), the amplitude of the component remains stable and
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the nonlinear phase reduces to have only one SPM term. For a circularly polarized laser
pulse which has two components, the amplitudes still remain stable, the nonlinear phases
contain two terms of SPM and DXPM. In both cases, the circular polarizations are stable
in the pulse propagation. There is no energy coupling between two circularly polarized

components.

An interesting case is for a perfect linearly polarized laser pulse. This linearly
polarized optical pulse is coupled into an optical fiber. At the fiber output, the linearly
polarized components are observed. In analysis, the circularly polarized components are
used again. This perfect linearly polarized optical pulse can be regarded as superposition
of two circularly polarized components with the same amplitude and zero phase
difference. At the output, the linearly polarized components are calculated through the
two circular components. The amplitudes of the two components remain to be equal in
propagation. Since the intensities of the two components are equal, the nonlinear phase in
solution (IL.51c and d) will also remain exactly the same. At the output of optical fiber,
the result of the superposition of the two circular polarization states is the original linear
polarization state. Therefore, the input perfect linear polarization state does not change at

all after nonlinear interactions.

In any real experimental conditions, the linearly polarized optical pulses are not
perfect linearly polarized. They always are slightly depolarized. The depolarization
happens when the light passes through the surfaces of optical components such as lens,
filters, and mirrors, the light will be scattered between the two perpendicular polarization
modes by the defects on the surfaces. These slightly depolarized optical pulses are
defined as quasi-linearly polarized optical pulses. For a quasi-linearly polarized optical
pulse, the amplitudes of its two circularly polarized components are not equal with a

slight difference. The amplitudes of the two circular components are still stable, but the
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nonlinear phase are not equal after SPM and XPM processes. There will be a nonlinear
phase shift between these two circular components. The nonlinear phase shift can be
calculated using Egs. (I1.59 c and d) and expressed as:

ir

Aa('c,z)=IaR—aLl=ﬁn2zAle°fz=2ke'fz, (11.60)

where Al=lIrp-ILgl is the input intensity difference between the right- and left-handed
components, and k=2rn,zAl/3A is a nonlinear phase parameter. The nonlinear phase shift
is a function of time due to its dependence on pulse local time T. At the output, the
superposition of the two circular components is not the input pulse polarization state

because of this nonlinear phase shift Ac.

For more details, lets see the superposition of two circular components with a

given phase difference of Ao. and the same amplitude. The superposition can be

expressed as:

- - - -

A =AReR+A1_eLe"a=AR(eR+eLeiAa). (IL.61)

l

substituting the expression (I1.41) into (I1.61), one can have:
Ex/Ey=[tan(Aa/2)]™, (IL62)

this always represents a linear polarization state rotated with an angle of 0/2 relative to x-
axis(Ao=0). For a quasi-linearly polarized laser pulse with a nonlinear phase shift of

Ao.(T,z), the linearly polarized output will rotate by an angle of ¢ which can be given

by
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o(t)=A0(T,z) / 2=ke . (I1L63)

The nonlinear polarization rotation angle ¢(t) is a function of the pulse local time 1.
Therefore, a quasi-linearly polarized laser pulse will keep linearly in the propagation in

optical fibers, the linear polarization directions change at different local times.

For input Gaussian pulse shape at the fiber input z=0 which is quasi-linearly

polarized at x-direction, the electric field envelope is:

- - -
A = Axex+Ayey, (11.64)

where Ax and Ay are amplitude polarized at x- and y-direction, respectively, and can be

expressed as:

Axitz= 0= axoe "2, (IL.65a)
Aytz=0=aye "2, (1L.65b)

where axo, ayg (axo >> ayo) are the input amplitudes of the two linear components of
the optical pulse. Note this optical pulse linearly polarized at x-direction. After the pulse

propagates in a fiber with the length of z, the polarization direction rotates an angle of

¢(t) which depends on the pulse local time. The amplitudes of the components polarized

at x- and y-direction are

Ax .2 = axoe " '2cos[d(T)] = agoe~"/2cos(ke~), (IL662)
Ay .0 = axoe™ "/ 2sin[d(T)]=axoe~"'2sin(k e~7), (I1.66b)

76



where k=2mnyzAI/3A is the nonlinear phase parameter. Note that ayo is neglected since it

is much smaller than axq. Substituting Eqgs. (11.66) into Eq. (11.64), the electric field of the

optical pulse can be expected
-2 N N —2/2
Am={cos(ke™)ex+sin(ke " )eylaxoe™* . (11.67)

From Eq. (I1.67), it is clearly shown that the polarization direction of the optical
pulse at the output of a fiber is a function of the pulse local time. At the pulse front ant
tail edge, the electric field is at the input ‘polarization direction since the pulse
instantaneous intensity is low. At the central region of the optical pulse, the electric field
of the optical pulse rotates an angle of k due to the high instantaneous intensity. The
polarization change in the pulse temporal profiles are shown in Figure II.12 as three
dimensional displays. The input quasi-linearly polarized optical pulse is shown in Figure
I1.12(a), the optical pulse is linear polarized in x-direction. The components at y-direction
is very small and so not shown in this Figure. Figure II.12(b) shows the output optical
pulse after experiencing a certain nonlinear phase shift. The arrows show the directions of
the electric field of the optical pulse at different local times. This is a twisting of
polarization. The curve of pulse envelope is used to show the direction of linear
polarization in the pulse profile. The arrows show the direction of electric field as a
function of the pulse instantaneous intensity. There is a polarization rotation effect in

pulse profile. The central region of the pulse (t~0) has the maximum rotation angle.

For the linearly polarized optical pulses experienced different nonlinear phase
shifts, the three dimensional polarization structures have been displayed in Figure I1.13
using Ax(t), Ay(t), and local time T of Eq. (I1.67). Figure 11.13(a) is the input pulse
temporal distribution without nonlinear effect for k=0, it is linearly polarized in x-

direction. In Figure 11.13(b) for k=2, the optical pulse remains linearly polarized at the
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Fig 11.12 Schematic of the direction the electric field of a linearly
polarized optical pulse, (a) initial optical pulse which is linearly
polarized at x-axis direction, (b) after propagating in a nonlinear
medium, the linear polarization direction rotates and the degree of
rotation depends on the instantaneous intensity of the optical pulse.
Three dimensional curves are the traces of the direction of linear
polarization.
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input linear polarization direction for the leading and tailing edges of the pulse due to the
low instantaneous intensity. The linear polarization direction at the central region of the
optical pulse first shows polarization direction rotation from x- to y- direction because of
the high instantaneous intensity. This polarization rotation will cause the pulse energy
coupled from x-direction linear polarization mode to y-direction mode. In Figure I1.13(c)
for k=4, the direction of the linear polarization in the central region of the pulse profile
rotates further and energy of this part is coupled into x-direction again. From Figure
11.13(d) to (f), the linear polarization direction rotates more for larger nonlinear phase
shift k values. Since the linear polarization direction rotates gradually from x-polarization
mode to y-polarization at different local time in the pulse temporal profiles. The linear
polarization of the output optical pulse develops to be twisted polarization structures.
This polarization dependence on the instantaneous intensity in the pulse profile is defined
as nonlinear polarization twisting (NPT) of the linearly polarized optical pulse. The
twisting occurs because of the dependent of nonlinear polarization rotation on the

instantaneous intensity of the optical pulse.

These twisted structures give a group of dynamic pictures of the change of
polarization states for propagating laser pulse in a nonlinear medium. At any local time,
the electric field is linearly. polarized, but the polarization direction changes at different
local time. The output laser pulse will appear to be depolarized when two linearly
polarized components are observed. From the electric field of the output optical pulse in
Eq. (II.67), the intensity distributions of the two linearly polarized components of the

output laser pulse as a function of local times are:

Iy = loe % cos*(ke ), (I1.684)
Iy = loe % sint(ke ), (IL68b)
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where Iy is the input pulse intensity and k=27npzAl/3X is the nonlinear phase parameter.
At high intensity and large value of k, the Sin2(x) and Cos2(x) functions will give rise to
a high frequency oscillation within the exponential profile. Hence, the input ultrafast
laser pulse will be splitted into many small pulses with different intensities and pulse

durations in the input pulsc temporal profile.

The calculation results of normalized intensity distributions are shown in Figure
I1.14 and I1.15 for parallel (Ix) and perpendicular (ly) components, respectively. The input
pulse is assumed to have a Gaussian intensity distribution. Without nonlinear phase shift,
the output parallel component has the same Gaussian pulse shape as shown in Figure
11.14(a), the perpendicular component in this case is shown in Figure II.15(a) where the
intensity is assumed to be very small and can be neglected. For k=2, the parallel
component in Figure I1.14(b) splits into three pulses, but their intensities are relatively
small. The perpendicular component in Figure I1.15(b) is one pulse with a little dip on the
top and most of the pulse energy is coupled into the perpendicular component. The
parallel component has almost four small pulses with different intensities in Figure
I1.14(c) for k=4. And the perpendicular component in Figure II.15(c) has three small
pulses. The energies of these two components are impending with each other. When k is
increased further, two linear components develop into pulse trains with small laser pulses
in the input pulse profile. For a large value of k, the pulse energy has a tendency of to be
equally distributed into the two perpendicular polarization modes at the output optical

pulse.
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Pulse Local Time (7)

Figure I1.14 The intensity distribution of the parallel component as a function of
local time for different nonlinear phase shifts. The input laser pulse as shown in
(a) for k=0 has Gaussian distribution. This pulse is splitting into pulse trains in
the parallel linear component due to polarization twisting.
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Figure 11.15 The intensity distribution of the perpendicular component as a
function of local time for different nonlinear phase shifts. There is no output at the
direction for input laser pulse as shown in (a). The output are pulse trains for the
perpendicular linear component due to polarization twisting.
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To observe the polarization state of the input linearly polarized optical pulses
propagating through a nonbirefringent single-mode optical fiber, the energy of the two
linearly polarized components are usually measured. The degree of the polarization of the
output optical pulse is calculated through the energies of the two perpendicularly
polarized components. Theoretically, the energies of these two linearly polarized

components can be calculated using the integrals of Eq. (11.68) and one can expect:

Pi= [I,e " cos*(ke 7 )dT, (11.69a)
Py= [I,e " sin®(ke ™ )dr, (11.69b)

where Px and Py are the energy of the linearly polarized components at x- and y-
direction, respectively. The degree of polarization of the output optical pulse can be

calculated by

- Pyl
p= Px— Py, (11.70)
(Px +Py)
Substituting Eq. (I1.69) into Eq. (I1.70), we have
[Toe~"{cos?(ke™") —sin®(ke~")}dt
p="
[Toe~"{cos?(ke™")+sin?(ke~%)}dT
[e*cos(2ke~*)dt
= — , (IL71)
[e~vdt
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by using the error function integration which is

fe-vdt =+/m, (I1.72)

the degree of polarization of the output optical pulse is,

p= % _};e-fz cos(2k e~"*)Mt. (1L.73)

The calculating results of the degree of polarization is displayed in Figure I1.16
for different nonlinear phase shift which is proportional to the pulse intensity. The
oscillation characters of the degree of polarization shows that the pulse energy is coupled
into x- any y-direction depending on the pulse intensity. It is important to show that the
degree of polarization of a quasi-linearly polarized laser pulse is a function of the pulse
intensity which is different for the circularly polarized laser pulse that the degree of

polarization does not depends on the pulse intensity.

We have discussed the nonliqear polarization twisting (NPT) and nonlinear
depolarization of the linearly polarized optical pulses propagating in single-mode
nonbirefringent optical fibers. When intense linearly polarized optical pulses propagate in
an optical fiber, the nonlinear phase shift will cause the linear polarization twistiﬁg. The
linearly polarized optical pulses will appear to be overall depolarized. If two linearly
polarized components are observed, the temporal profiles and the energies of these two
linearly polarized compo'nents depend on the pulse intensity. Although the output optical
pulse is depolarized, the angular distribution of the pulse energy is not uniform. By
rotating the polarizer after the fiber with an angle of 0 to the input linear polarization

direction, the energy of the linearly polarized component at this direction can be
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Figure 11.16 The degree of polarization as a function of nonlinear phase shift
(pulse intensity). At low intensity, the ouput pulse is quasi-linearly polarized.
For high intensity, the degree of polarization oscilates and indicates that the
pulse energy is coupled into different linearly polarized compnents at different
pulse intensity.
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calculated. Considering the nonlinear polarization rotation angle of ¢(7) at local time ©

within the pulse temporal profile, the angle between the polarizer and the output linear

polarization at local time T is ¢(t)-6. For input Gaussian optical pulses, the energy of the

output linearly polarized component at this direction is an integral of the instantaneous

intensity to pulse local time T and can be given by

Py = [loe™" cos?[¢(x)—0]dr, (IL.74a)

and meanwhile the energy of the linearly polarized component at the perpendicular to this

0 angle direction is expressed as

Po+900) = JIoe " sin?[¢(r)— 0]dr. (I.74b)

-—00

Using Eq. (I1.63), the energies of these two linear components are

Pe)= [loe cos?(ke " —0)dt, (11.75a)
Po+o0oy = [Toe " sin®(ke™* —0)dt. (11.75b)

To find out the maximum of P(g) for a given intensity, we have to solve the

following equation:

dP)
00

lo=goy = 0. (I1.76)

substituting Eq. (I1.75) into Eq. (II.76), we have
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fe~"sin(2k ™" — 2@ )dT = 0. (IL77)

-—00

The solution, @opt, of Eq. (I11.77) is the angle at which the maximum energy of the output
linear component can be observed. This angle gives an overall nonlinear rotation angle
for input Gaussian pulses at a given intensity, Numerical method has to be used to solve
the Eq. (11.77). The calculated results is shown in Figure II.17 as a function nonlinear
phase parameter k which is proportional to the pulse intensity. Not surprisingly, it is easy

to recognize that the rotation angle has almost a linear relation to the pulse intensity.

When the rotation angle of the output polarization state is found, the degree of

polarization at that rotation angle can also be calculated through :

_ IPe)— Pea+909)!
P(e) + P(e+90%)

9=90p[ ’ (II.78)

where Oqp is the solution of Eq. (I1.77) for a given k. The calculation of Eq. (I.78) is
shown in Figure I1.18 also as a function of k. At low pulse intensity ( small k), the deéreg
of polarization is near one (almost linearly polarized). When intensity is increased, the
degree of polarization decreased linearly to about 0.3 at k=3. Then the degree of

polarization starts to slightly oscillate and decrease for higher intensities.

In this section, the propagation of optical pulses in nonbirefringent single-mode
optical fibers has been theoretically investigated considering the SPM and DXPM
processes for a single laser pulse. The solutions of the nonlinear coupling equations have
shown that circularly polarized laser pulses can stably propagate through a nonlinear

medium, The DXPM and SPM processes do not affect the amplitudes of the circularly
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polarized laser pulses. For linearly polarized laser pulses, the SPM and DXPM will
introduce nonlinear phase shift between the two circularly polarized components. This
nonlinear phase shift will change the output polarization state of the laser pulses. The
linearly polarized laser pulses are not stably at high intensity. The nonlinear polarization
twisting (NPT) and nonlinear depolarization have been discussed. The degree of
polarization is a function of the input pulse intensity for linearly polarized optical pulses.
The nonlinear polarization rotation and depolarization for Gaussian laser pulses are also
calculated. The relation between the nonlinear depolarization and polarization rotation

has been first investigated.
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Figure 11.17 The angle of nonlinear polarization rotation as a function of
nonlinear phase shift k (pulse intensity).
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Figure 11.18 The degree of polarization at an rotation angle as a function of
nonlinear phase shift k (pulse intensity).
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Chapter II1
EXPERIMENTAL METHODS

II1.1 Introduction

In the various experiments, high intensity ultrashort optical pulses are coupled
into single-mode optical fibers. At the output of an optical fiber, the spectral, temporal,
and vectorial properties of the optical pulses are measured and analyzed. The measured
results will be compared with the calculations using the proposed model of the ultrashort

optical pulses propagating in single-mode optical fibers in Chapter 2.

In this chapter, the ultrashort laser systems and the optical components for the
spectral and temporal measurements will be introduced. They will be used in the
experiments later. The ultrashort laser sources include picosecond and femtosecond
ultrashort laser systems . A Nd:YAG laser system which generates 30 ps laser light pulses
will be described in this chapter. A Titanium:sapphire laser which outputs 100 fs laser

light pulse train will also be discussed.

Laser light pulses are coupled into optical fibers. The core of the fiber is small
enough so that the optical fibers are referred as single-mode optical fibers. Since the
length and the attenuation coefficient of the optical fibers both can be neglected. The light
pulse energy remains unattenuated while the light pulse propagates through the fibers.
The spectral distributions of the output optical signals from an optical fiber are measured
using a spectral analysis system consists of a grating spectrometer and a computerized

charge-coupled-device (CCD) camera. The spectral analysis system will be discussed.
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A polarizer and beam displacement prism (BDP) are used to select different
polarization components of laser light. Quarter wave plates and rotators are used to
changes the polarization state of the laser light. These polarization components will also
be introduced in this chapter. For the measurements of the temporal distribution of the
output optical signal, a single shot streak camera is used to measured the ultrashort
optical pulse in picosecond range and an auto- and cross- correlator are used to measure

the ultrashort optical pulses in femtosecond range.
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II1.2 Nd: YAG Laser and Its Amplifier System

A active-passive mode-locked neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser is shown schematically in Figure III.1 which consists of an laser
oscillator and an amplifier. In oscillator, the laser cavity is TEMgp mode between the
mirror within the dye cell (1) and the etalon within the acoustic-optical mode-locker (5).
The mirror is immersed in a dye cell containing a liquid saturable absorber which causes
the oscillator cavity to mode-lock. Lens (2) increases the beam diameter before impinging
on the dye cell, thus reducing the risk of damage. The pinhole (3) forces the cavity to
oscillate in a TEMgg mode and contribute to beam lean up. Laser oscillator (4) contains a
7 mm diameter YAG laser rod. The acoustic-optical mode-locker (5) will greatly
enhances the stability of the oscillator output. The pumping light from a flash lamp is
focused on the YAG laser rod and provides the optical energy necessary to excite the
laser-active ions in the rod. The active and passive mode-locked mechanisms are
achieved by an acoustic-optical mode-locker and a saturable absorber dye (Kodak dye
#9470; Solvent: 1,2 dichloroethane){1-2], respectively. The ends of the laser rod are cut at

Brewster's angle to prevent subcavities, feedback, and reflection losses from the surfaces.

The output of a mode-locked oscillator consists of a train of individual pulses as
shown in Figure III. 2(a). The temporal interval between pulses is the time of the light
propagates a round trip in the cavity. The pulse selector (8) in Figure III.1 is used to
extract one pulse from this pulse train and to suppress all the others. The pulse selector is
preceded by a telescope (6) in order to reduce the power density on its optical elements.

The selected output picosecond laser pulse is shown in Figure III. 2(b).

The output single picosecond laser pulse from the pulse selector is vertically

polarized. The beam passes through a half-wave plate (9a) which is alignmented at 45°
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Figure lll. 1 YAG401C Laser Configuration

(1). Mode-locking dye cell (8). Pulse selector
(2). Diverging lens (9). Half-wave plate
(3). Pinhole (10). Dielectric polarizer
(4). Oscillator (Brewster angle/Brewster (1) Quarter-wave plate
angle) (12). Amplifier head
(5). Acousto-optical mode-locker (13). Converging lens
(6). Beam expanding telescope (14). Second harmonic generator

(7). Reflecting mirror (459)
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Figure 111.2 (a) Ultrashort laser pulse train output from the oscillator. The
time interval between pulses is the time of the light propagates around
trip in the cavity. L is the cavity length. (b) The extracted picosecond

laser pulse after the pulse selector.
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and is thus horizontally polarized. This beam is then transmitted through the dielectric
polarizer (10a). The energy of the laser pulse is amplified up to 10 mJ by the amplifying
rod (12) and then sees the second half-wave plate (9b) which is alignmented parallel to
(9a) and the laser beam is vertically polarized again. Now the vertically polarized beam is
rejected by the second dielectric polarizer (10b). This beam is recollimated by the
telescope assembly (6). Still vertically polarized, this beam is reflected from dielectric
polarizer (10a) through the amplifier rod again and back through half-wave plate (9b).
Now this beam is horizontally polarized, it is transmitted through (10b) to the output. The
output laser pulse energy after amplification can be as high as 30 mJ at the wavelength of .
1064 nm. Finally, the horizontally polarized output laser pulse is sent to the second
harmonic generator (14) which is a type I KDP crystal. The polarization of the 532 nm

output is vertical. This laser setup can generate 10 laser pulses per second (10 Hz).

The output beam after the second-harmonic crystal has two laser pulses at the
different wavelengths of 1064 nm and 532 nm, respectively. The pulse energies of the
laser light pulses at the wavelength of 1064 nm and its second harmonic wave at the
wavelength of 532 nm are up to 55 mJ and 5 mJ, respectively. The spatial profiles of the
laser pulses are Gaussian shapes since this laser is working at zero-order transverse mode.
The temporal profiles of these ultrashort laser pulse can be measured with a streak
camera. Figure III. 3 displays an output laser pulse at 532 nm measured with a
Hamamatsu 2-ps streak camera. The dot curve is the measured result. The laser pulse is
slightly asymmetric. The leading edge is shorter than the trailing edge. The pulse duration
for the pulse at 532 nm is 35 ps. The solid curve is the theoretical fit to the laser pulse.
Because the 532 nm pulse is the second-harmonic generation of the laser pulse at 1064
nm, the pulse width of the 1064 nm pulse is v/2 times that of 532 nm pulse. The

temporal shapes of these pulses are similar(3],
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Figure lll.3 The temporal profile of a 35-ps laser pulse at 532 nm. Dot
curve is the measured result and the solid curve is the theoretical fit.
The pulse is slightly asymmetric. The leading edge is shorter than that of
the trailing edge.
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I11.3 Ti: sapphire Laser System

A Coherent Mira 900-B Titanium:sapphire laser is schematically displayed in
Figure 1IL4. This laser is pumped using argon ion laser emitting a variety of wavelengths
from 457 nm to 514 nm with the power of about 12w. The gain medium is tunable from
710 nm to 910 nm. In laser cavity, It is required that each lasing wavelength must satisfy
the condition that precisely an integral number of half wavelengths must "fit" between the
mirrors (M1 and M7). Since the integer is not specified there can be many wavelength
which satisfy this criterion. Each of the wavelength is referred to as a laser longitudinal
mode of the laser cavity. The overlap of tunable range of the gain medium and the cavity
mode gives the lasing wavelengths. Continuous optical wave will be generated without

mode-locking[4-5),

To get an ultrashort laser pulse output, some mode-locking mechanism must be
introduced to the laser system. A passive mode-locking is used in this laser. The Mira
cavity has been designed so that the beam diameter within the cavity changes by a small
amount as the intensity of the light changes. More specifically, the beam diameter at
certain locations within the cavity is large when the laser is operating continuously (CW)
but become smaller when the laser is producing high intensity mode-locked pulses. A slit
is now placed at the appropriate location, and its width is adjusted so that the large
diameter laser beam associated with continuous operation will be interrupted at its edges.
A high intensity laser pulse, however, will pass uninterrupted through the slit, since the
beam is smaller as shown in Fig II1.5(a) and (b). Such a slit in the Mira system will
function as saturable absorber because it let the high intensity pulse pass through and
introduce losses for low intensity laser light. Modelocking can be achieved through this
high intensity induced change of beam diameter. Figure IIl, 5(c) displays the beam

geometries for CW and mode-locked laser beams.
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Figure Ill.4 Optical schematic of the Ti:sapphire laser

BP: Brewster Prism
BRF: Birefringent Filter
BS: Beamsplitter

L: Lens

M1: Mirror (partial reflection)
M2~M7: Mirrors (all reflection)
M8~M9: Mirrors (auxiliary)
TiAI203: Titanium:sapphire crystall
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Figure 1.5 (a). Slit open, no loss for either modelocking or CW; (b). Slit
adjusted for modelocking and more loss for CW; (c) Beam geometry
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This phenomenon is known as self-focus effect which is one of the third-order
nonlinear processes. At sufficiently high intensity, the electric fields associated with the
light can actually distort the atoms of the material and alter its index. This is called self-
focus effect since the beam is less intense at its edgeé as compared to the center, the index
at the center will be different, and a gradient index lens is formed. Since it is the optical
Kerr effect which alter the index, the lens is also referred as a Kerr lens. The Kerr lens is
formed only when the intensity of the light is extremely high. The instantaneous intensity
of modelocked light pulses are sufficient to form this lens, but the weak intensity of the
laser which is operating CW is not. Hence the lens is only formed upon the arrival of a
modelocked pulse. It is this lens which narrows the laser beam. A slit to allow only
narrow beams to pass unattenuated now forms a complete saturable absorber system

which will provide a real driving force for modelocking.

Normally, the laser will operate in the CW mode with minor power fluctuations
none of which cause, even instantaneously , powers which are sufficiently high to cause a
Kerr lens to form. Hence, some mechanism must be introduced to create a sufficiently
high peak power to open the saturable absorber system. By changing the cavity length at
the proper speed, very high power fluctuations can be induced. Once the instantaneous
power in one of these fluctuations becomes sufficiently high, a Kerr lens is formed, the
beam is narrowed and can pass unattenuated through the slit. This pulse will become

amplified and become the dominant pulse which will form the modelocked output.

In a laser such as Titanium:Sapphire(6-9], only one or two longitudinal modes
operate simultaneously. This is due to the fact that all atoms within the lasing medium are
considered to be equivalent and capable of emitting light over a range of frequencies and
will emit at the same frequency as the stimulating light. Hence, the earliest light to reach

high intensity through the amplification process will establish the frequency for
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subsequent light. No atoms will remain in their upper state to amplify light at another
frequency. In reality, two modes can operate simultaneously due to the spatial hole

burning phenomenon.

From the principle if the mode-locking, the random fluctuations caused by only
two modes do not cause very high instantaneous powers. A prerequisite for high intensity
fluctuations is that the laser be encouraged to simultaneously operate with as many
longitudinal modes as possible. Of all the longitudinal modes that can laser, there are a
few that are more likely than others. This is due to the fact that any wavelength selecting
element, will cause more losses on either side of the selected wavelength. As the
wavelength selector, in our case the BREF, is changed, some modes are discouraged and
others are encouraged. Alternately, the modes themselves can be shifted in wavelength by
changing the cavity length, so that a different set of wavelengths satisfy the "integral half
waQes between reflectors” criterion. If the cavity length is changed rapidly enough, the
freshly discouraged modes (previously oscillating modes) will be dying out, leaving
atoms available for the new modes and there will be a period during which both can be
lasing simultaneously. Thus we have created a transient condition under which the output
of the laser contains more longitudinal modes than normally possible. Once a larger
number of modes are lasing, peak intensities are produced to initiate Kerr lens formation
and the modelocking process begins. Figure II1.6 shows the pictures of the modelocked
signal for different slit widths. A CW signal with slit open is shown in Figure III. 6(a).
The CW laser wave has minor power fluctuation. But it can not produce high intensity
modelocked pulses. When the slit is optimized, high intensity mode-locked pulse train is
generated. This pulse train is shown in Figure III. 6(b) with a repetition rate of 76 MHz.
The interval between pulses is the time of the light travel a round trip inside the laser

cavity,
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Figure 111.6 (a). CW signal with slit open; (b). Modelocked
signal with slit optimized.
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It is important to mention that once modelocking starts, it will continue without
the need of the starting mechanism. The rapid length variation can be halted. The length
of the cavity is changed, not by increasing the distance between the mirrors, but by
tipping the angle of a glass plate through which the beam must travel. As the plate is
tipped, more glass must be traversed, and since light travels slower in glass than in air, it
is entirely equivalent to increasing the distance between the mirrors. Both increase the

time necessary to traverse the distance between the mirrors.

By tuning the BRF, different wavelengths can be selected. The modelocked
output power of this Ti:sapphire laser is depends on the wavelength. The tuning range of
this laser is designed between 710 nm and 910 nm. The calibrated output modelocked
laser power as a function of the wavelength is displayed in Figure III.7. The maximum
mode-locked average output power is 1.5 w at the wavelengths from 780 nm to 810 nm,
corresponding to the pulse energy of 20 nJ for 76 MHz laser pulse train. The average

output laser power is relatively low at the side wavelengths.

The mode-locked laser pulse duration from this Ti:sapphire laser can be measured
with an auto-correlator. A measured curve is shown in Figure IIl. 8. The auto-correlation
curve has a width of 230 femtosecond (fs). Assuming the laser pulse has a square
hyperbolic secant temporal profile, the pulse width is the auto-correlation trace width

divided by 1.55. Therefore, the laser pulse duration can be calculated to be 148 fs.
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Figure 1.7 The ouptut power of the mode-locked Ti:sapphire laser
as afunction of wavelength.
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Figure 1I1.8 The auto-correlation trace of the femtosecond
laser light pulses from a Ti:sapphire laser system.
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II1. 4 Spectral Analysis Systems

The spectral analysis system is composed of a spectrometer and a computer
controlled CCD (coupled charge device) camera. For high resolution measurements, a 1-
meter Czerny-Turner Spectrometer (Model 78-460) is used to measure the spectra of the
laser pulses after the nonlinear processes such as SPM and XPM in the optical fibers. A
schematically diagram of this spectrometer is shown in Figure IIL9. The light to be
measured enters the slit S; and pass to the reflecting mirror M where it is collimated and
reflected as parallel light to the plane grating G. The dispersed light which is still parallel
but with separate wavelength diverging is reflected back to the exit beam mirror M. Here
the reflection is focused as monochromatic light at the exit slit S. The wavelength of the
output monochromatic light at the exit slit is changed simply by rotating the grating about
its center. As an alternate, with the flat mirror deflector M3 in position, the exit beam can
be focused on a CCD camera. The image of the spectrum will be recorded by the CCD
camera. The focal length of the spectrometer is 1 meter. The grating is rectangular with a
size of 5 cm by 5 cm and the grating spacing is a 1200 graves/mm. When incident light
beams containing two different wavelengths such as at 1064 nm and its second harmonic
wave at 532 nm are diffracted from the grating, the first order diffraction of light at 1064
nm is at the same direction with the second order diffraction of the light at the wavelength
of 532 nm. Therefore, the light at these different wavelength regions can be measured at

the same time.

The CCD camera system used in experiments is an Nu:200 type from
Photometrics Ltd.. The CCD imager is a metal-oxide-semiconductor (MOS) optical
detector that is composed of up to several million independent sites where photo-induced
charge is store. These photosites are called picture pixels. When pixels that are closely

arranged in a rectangle are exposed to light, a charge pattern accumulates that
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corresponds to an illumination pattern. CCD pixels are rectangular and range from 6 to 30
micros in size. The CCD camera which is used in our experiments has 512x512 pixels

with 20 micro in size.

In experiments, the laser light output from optical fibers is coupled into this
spectral analysis system. For laser light at 1064 nm region, the dispersion of this system
is 0.01 nm per pixel at the first order of diffraction from the grating. At the laser
wavelength of 532 nm region, the dispersion of the system is 0.005 nﬁ per pixel for the
second order diffraction from the grating. The resolution of the spectral analysis system
strongly depends on the width of the slit S|. Some other parameters such as the size of the
grating also affect the system resolution. This system has a resolution of 0.05 nm at the

slit width of 0.03 mm.
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Figure lll. 9 The schematical diagram of the spectral analysis system
consisting of a spectrometer and a computer controlled CCD camera. S,

slit; G, grating; M, mirror.
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IV. 5 Optical Fibers and Light Coupler

The basic features of optical fibers has been discussed in Chapter I. An optical
fiber consists of a core with very small diameter (usually 2~4 pum for single-mode fiber)
surrounded by a layer of cladding. The refractive of the core is slightly larger than that of
the cladding, that is why the light can be guided in the fiber. For all the commercial
optical fibers, there is a plastic jacket outside of an optical fiber for protecting the fibers

from any possible damages.

Two types of optical fibers are used in the experiments which are non-birefringent
and high-birefringent single mode optical fibers. The non-birefringent single-mode
optical fiber has a circular symmetrical core cross section without optical birefringence.
There are some residual birefringence in the fiber during the fabricating processes. But
the beat-length of the kind of birefringence is much longer than the length of the fibers
used in the experiment. Hence, these fibers can be treated as non-birefringent single-
mode fibers. Single-mode optical fibers are sensitive to optical wavelength since the
different dispersion characteristics of the core and cladding materials. For example, the
non-birefringent single-mode fiber which is designed for the wavelength of 514 nm can
support a single mode at the wavelength of 532 nm. It does not support any probagation

mode at the wavelength of 1064 nm. Conversely, the single-mode fiber which is designed

. working at the wavelength of 1064 nm will support multi-mode at the wavelength of 532

nm, meaning that it is not a single-mode fiber at this wavelength.

For high-birefringent single-mode optical fibers, the fiber core has a birefringence
induced by the asymmetric tension between the fiber cladding and the fiber core. There
are two optical axes which are perpendicular. When the linearly polarized light is coupled

into such a fiber along one of the optical axis, the light will stay at the coupled linear
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polarization state and will not transfer to the perpendicular polarization state. Since the
optical fiber has birefringence, the light which is coupled into different polarization states
has different propagating speed. The difference of their speeds is proportional to the
birefringence and can be expressed as a beat-length as in Chapter I. The high-birefringent
single-mode optical fiber designed for the wavelength of 532 nm has a typical beat-length
of 2 mm. The high-birefringent single-mode optical fibers are also sensitive to the optical
wavelength. For example, the high-birefringent single-mode fiber for the wavelength of

532 nm does not support any propagation mode at the wavelength of 1064 nm.

Two couplers are used for the light coupling into and out of an optical fiber. The
coupler consists of a micro-objective lens held by frame with positioning screws which
can make very small three dimensional position adjustment. The micro-objective lens
focus the input light to a very small spot at the focus point (diffraction limit). The input
tip of the optical fiber is also located at this focus point for light coupling. Part of the
input light will be coupled into the fiber and propagate to the other end. The other micro-
objective lens is used to collect and collimate the light at the output end of the optical

fiber.
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IV.6 Poalrizer, Quarter-wave Plate, and Beam Displacement Prism

To observe the polarization state of the laser light input to and output from optical
fibers, one needs polarizers and wave-plates. A calcite crystal polarizer shown in Figure
II1.10(a) is used to make sure that the input laser light to an optical fiber is at a
satisfactory linear polarization state. The extinction ratio of this calcite polarizer is lager

than 106, Plastic polarizers are also used which has an extinction of 400.

Based on birefringence, the change in refractive index with the polarization of
light, quarter-wave plates are used to tune linearly polarized light into circularly polarized
light and vice versa. To do this, one must orient the wave plate so that equal amounts of
fast and slow waves are excited such as orienting an incident linearly polarized light at
459 to the fast (or slow) axis as shown in Figure III.10(b). If the incident linearly
polarized light is not oriented at this angle, the output light from this wave plate will be

elliptically polarized instead of circularly polarized.

A beam displacement prism (BDP) depicted in Figure II1.10(c) is élso an optical
component using birefringence. A BDP has two optical axles. When light propagates in
BDP, the light polarized along different optical axis will 'see' different refractive index of
the BDP and will propagate at different refraction angle. Hence, the light at different
polarization modes will propagate in the BDP at different direction. Two perpendicular
linearly polarized components will be spatially separated after the light propagates certain
distance in the BDP. At the end of the BDP the two separated linearly polarized
components leave the BDP and propagates parallel because of the refraction at the rear
surface. The basic function of the BDP is just like a polarizer which gives only one
linearly polarized component, while BDP gives two perpendicular linearly polarized

components at the same time,
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Figure 111.10 (a) A polarizer (P) with the optical axis in vertical direction, the
output light is linearly polarized in vertical direction; (b) A quarter-wave plate,
the input linearly polarized light is at 45 degree to the fast axis, the ouput light is
circularly polarized; (c) A beam displacement Prism (BDP), two perpendicular
linearly polarized components of the input light are separated at the output of
this BDP,
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IV.7 Single Shot Streak Camera System for Time-resolved Measurements in Pico-

second Regime

A streak camera is most widely used for the measurement of ultrafast temporal
property such as the pulse profile of pico-second laser pulses and time-resolved
luminescence. It converts the temporal characters of ultrafast processes into spatial

information, and enable one to study the processes which occur on a picosecond scale.

A streak camera system consists of a streak tubel10-11], imaging optics, fast
sweeping electrodes, and video display/computer equipment. The principle of the streak
tube is schematically shown in Figure III.11. An ultrashort light pulse emitted from a
laser or exit from an optical fiber is focused onto the potocathode of a streak tube at a
given time. The number of the photoelectrons coming from the photocathode is
proportional to the intensity of the incident light hitting the photocathode at that time.
These photoelectrons are accelerated and deflected aéross a phosphor screen by a voltage
ramp applied by a pair a electrodes. Since the incident light has a temporal intensity
profile, the electrons released from the photocathode at different times have different
intensities. These electrons are deflected linearly with time and strike the phosphor screen
at different positions. This produces a streak, which has a spatial intensity profile directly
proportional to the incident temporal intensity profile of the input light pulse. The
phosphorescent track is analyzed electronically using a direct readout system including a
silicon intensified target (SIT) vidicon camera, a temporal analyzer, and a TV monitor.

This displayed profile transforms the temporal information into spatial information.
Since the picosecond laser has a repetition of 10 Hz which is very slow. A single

shot streak camera is used to measure the temporal profile of the laser pulses. This single

shot streak camera uses a regular streak tube, but the sweeping voltage will be applied
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when a trigger signal is received. The temporal profile of laser light can be measured with

a single pulse.
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Figure ll1.10 The schematical diagram of a streak camera tube
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IV.8 Auto- and Cross-correlator System for Time-resolved Measurements in

Femto-second Regime

A streak camera can measure ultrafast processes up to the picosecond region. For
the femtosecond laser pulses, the streak camera can not response properly. A correlation

method must used to observe the ultrafast phenomenon in femtosecond region.

Auto-correlation and cross-correlationl!2-13] are the standard techniques to
measure ultrashort laser pulse duration for femtosecond laser pulses. This is the basic
interferometric arrangement as depicted in Figure III.12. In auto-correlation, the two
pulses split from one pulse are focused by a positive lens into a nonlinear crystal, such as
a KDP crystal, to generate a second harmonic wave which is detected by photomultiplier.
Since the second harmonic wave signal can only be detected during temporal overlap in
the phase matched direction for absorbing a photon in each beam, the second harmonic
signal obtained by varying the delay of one pulse is the pulse auto-correlation. By
deconvolution, one can obtain an approximate pulse duration. Assuming a squared
hyperbolic secant sech? pulse profile, the pulse width is the auto-correlation trace width
divided by 1.55. If the two pulses have different wavelengths and pulse durations, the
sum frequency wave is generated in the nonlinear crystal instead of the second harmonic
wave. The measured sum frequency wave signal is the two pulses cross-correlation. An
example is that a femtosecond laser pulse is coupled into an optical fiber. The pulse
duration and wavelength of the output laser pulse from the optical fiber will change
because of the group velocity dispersion and super-continuum generation. This output
pulse and the input pulse before fiber can be used to generate the sum frequency. By
delaying the fixed frequency pulse (input pulse), the cross-correlation of the two pulses is

obtained.
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A example is shown in Figure IIL. 13, Figure III. 13(a) is an auto-correlation trace
of CPM laser pulses. The duration of the auto-correlation is 95 fs, corresponding to the
laser pulse duration of 60 fs. Figure III. 13(b) is a trace of cross-correlation of two laser
beams having different pulse durations. One is the laser beam out of CPM laser system
and has a pulse duration of 60 fs. The other beam passed through a half-meter length
single-mode optical fiber. Due to the group velocity dispersion in the optical fiber, the
output laser pulses at the fiber exit had a much longer pulse duration than the input
pulses. The cross-correlation trace shows a temporal duration of 2.8 ps. Because of the
great difference between the two pulse durations, the CPM laser pulse with pulse duration
of 60 fs just likes a Delta function compared to the duration of the broadening pulses. The

cross-correlation trace is actually the temporal profile of the broadening pulses.
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Figure lll.11 Pulse duration measurement use correlation method. If w1=w2,
the HSG obtain from KDP crystal is called auto-correlation and if w1Xw2,
the sum frequency ws=w1+w2 is the cross-correlation.
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Figure 1ll.13 (a) The auto-correlation trace of CPM laser pulses. (b)
cross-correlation trace of CPM laser pulses and the laser pulses passing
through a half-meter length single-mode optical fiber.
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CHAPTER IV

POLARIZATION STABILITIES OF LASER PULSES
PROPAGATING IN NON-BIREFRINGENT SINGLE-MODE
OPTICAL FIBERS

IV.1 Introduction

A single-mode optical fiber with birefringence can preserve the polarization state
of the optical wavesl!-6]. When a single-mode optical fiber is non-birefringent, the
polarization state of the propagating optical waves will usually be scrambled. Many
effects in optical fibers can change the polarization states of the propagating optical
waves. Defects and strains that exist either randomly or are introduced by bending or
twisting .in optical fibers will scatter the light between orthogonal polarization modes.
Bending and/or twisting can also cause local fiber birefringence which transfers the light
to different polarization states. Linear effects cause depolarization even when optical
pulses are weak. Nonlinear effects, such as self-phase modulation (SPM)!{7-9), cross-phase
modulation (XPM)[8-9] and degenerate four-wave-mixing (DFWM)I10] can affect the
polarization state at higher intensity. The polarization instabilities caused by intensity-
induced birefringence have been observed in birefringent optical fibers(!1-14], The
polarization characteristics for ultrashort optical pulses propagating in non-birefringent
single-mode optical fibers has not been experimentally observed and the mechanism for
the intensity-induced depolarization has not been described. This thesis addresses this

problem.

In this chapter, we will discuss the effect of laser intensity on the polarization

state of circularly and linearly polarized optical pulses propagating in non-birefringent
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single-mode optical fibers due to nonlinear optical effects. The state of circular
polarization has been found to be more stabilized than the state of linear polarization for
an intense laser pulse propagating in short (L< 4m) non-birefringent single-mode optical
fibers. The model using self-phase modulation(SPM) and cross-phase modulation (XPM)
which has been developed in chapter II will be used to explain the measured preservation
of the circular polarization and the depolarization of linearly polarized laser pulses in the

optical fibers.
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IV.2 Polarization properties of non-birefringent single-mode optical fibers

A non-birefringent single-mode optical fiber has a symmetrical structure. The
core of the fiber is circular and surrounded by the cladding layer. The tension and stress
between the core and cladding have been well released during the fabrication process of
the fiber. Therefore, there is no any refractive index change induced by stress and tension

in the fiber. This type of optical fiber is referred as non-birefringent.

For a perfect non-birefringent single mode optical fiber, the polarization state of
the propagating optical waves should be preserved since the light will not be coupled into
the orthogonal polarization mode automatically. At the output of a single-mode optical
fiber, the polarization state of the exit optical signal should be input one. For a real non-
birefringent single-mode optical fiber, there will always be some kind of tension and
stress in the fiber. As discussed in the introduction of this chapter, many other effects
such as defects, strain, bending, and twisting will also dramatically change the
polarization state of the optical waves propagating inside a fiber. Especially for the light
propagating in a non-birefringent fiber for a long distance, all these effects will add up to

totally scramble the polarization state of the optical wave.

. In the experiment, we found that the polarization of optical waves was preserved
for short non-birefringent optical fibers (less than 4 m). For longer fibers, the polarization
was completely destroyed. This is not surprising at all. Since all the effects that change
the polarization of optical wave accumulate with the length of optical fibers. A shorter
fiber is much closer to a perfect non-birefringent single-mode fiber than a longer one.
Hence, the polarization state can be maintained for the optical waves propagating in short
non-birefringent single-mode optical fiber, but not in the long non-birefringent single-

mode optical fiber.
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IV.3 Polarization instabilities in birefringent optical fibers

To maintain the polarization state of light propagating a fiber over a long
propagation distance, optical fibers with birefringence have been designed. Many
techniques have been developed for fabricating the birefringent single-mode optical
fibers. For example, the cross section of the fiber core has been made to an elliptic shape.
By introducing a stress between the fiber core and cladding, a refractive index change
was induced[1-6], This induced refractive index change is not homogenous in every
direction since the cross section of the fiber core is elliptic. Along with this birefringence,
the optical fiber is anisotropic with two principal optical axes. Optical waves linearly
polarized in the principal optical axes of the fiber will remain its linearly polarized state
in the propagation no matter for how long the fiber is. To make birefringent single-mode
optical fibers more stable to environment, the birefringence was always induced well

above the level that introduced by bending, twisting, strain, and other divers effects.

An interesting point is that even for birefringent single-mode optical fibers, the
polarization state of propagating optical waves are still instable in some cases. At low
optical power or a strongly birefringent fiber, light that is linearly polarized along either
of the principal optical axes of the fiber will maintain its state of polarization. At higher
intensities in weakly birefringent fibers the birefringence induced through nonlinear
processes such as the optical Kerr effect become comparable with the nature fiber
birefringence. Under these conditions an asymmetry arises between the fiber principal
axes. Induced birefringence adds to the natural birefringence for light polarized along the
slow axis, which remains a polarization stable guiding condition. For light polarized
along the fast axis the induced and natural birefringence tend to cancel, causing the
optical fiber to be a non-birefringent one. Therefore, the fast axis becomes an unstable

saddle point. Small deviation from either perfectly linearly polarized light or perfect input
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alignment along the fast axis lead to widely different output polarization states. A
Signature of this polarization instability is that small changes in input intensity can lead

to large changes in the intensity transmitted through a crossed polarizer at the fiber exit.

The nonlinear polarization instability has been observed in single-mode optical
fibers with different birefringences!!!-14], Theoretical simulation has made some
approach to this nonlinear phenomenon. A calculation of the beat length of a low
birefringent single-mode optical fiber as a function of input light power (intensity) is
shown in Figure IV.]. At low light power the beat lengths for the light polarized along
both the fast and slow axes are the same value of Lo. For higher light power, the beat
length of the light oriented along the slow axis does not changes much. It decreases
monotonically just a little bit as the dashed curve shown in Figure IV.1. For the light
oriented along the fast axis at the higher power, the beat length increases dramatically. At
certain input power level, the beat length goes to be very long ( to infinity, the instable
point). For more higher light power, the beat length decreases as the light poWer
increases. As the demonstration of this figure, the beat length of the fiber is a function of
the light power in nonlinear optical regime; so is the birefringence of the fiber. For light
oriented along the slow axis of the fiber, the fiber is always birefringent and the light will
stay'oriented along the slow axis in propagation. There is no light coupled to be polarized
along the perpendicular orientation. For light oriented along the fast axis of the fiber, at
certain input power the beat length diverges rapidly as the induced birefringence cancels
the existing linear birefringence. At this input power, the light equivalently propagates in
a non-birefringent fiber. The polarization instability occurs in birefringent fibers when the

high light power induces these birefringent fibers to become non-birefringent ones.

When intense light propagates in a non-birefringent single-mode optical fiber, the

'polarization instability' refers to the depolarization of the light in the fiber automatically.
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The mechanism of the depolarization has not been investigated yet. In a perfect non-
birefringent single-mode optical fiber, the state of the polarization of light should not
change itself. In a real fiber, the scattering from the defects inside the fiber may cause
light coupled into the other polarization mode. For a short fiber (< 10 m), this scattering
effect is small and can be neglected. We will show that the nonlinear effects not only
cancels the birefringence at high light intensity, but also cause the depolarization of the

linearly polarized light propagating in a non-birefringent single-mode optical fiber.
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Figure IV.1 Change of beat-length with the power of an intense beam
oriented along the fast axis (solid line) or along the slow axis (dashed
line).
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IV.4 Experimental Setup and Results

The experimental setup is described in Figure IV.2 and IV.3. Details are also
given in Chapter IIl. The optical pulses at 532 nm were obtained from a frequency
doubled mode locked Nd:YAG laser at a repetition rate of 10 Hz. Single-mode optical
fibers (Newport Corp. Model: FSV-10) at 532 nm are non-birefringent with core diameter
of 2.5 um, cladding thickness of 125um, and numerical aperture (NA) of 0.11. The fibers
were handled very carefully to avoid any induced birefringence by bending and twisting.
This induced birefringence will cause the light coupled into the other polarization mode
at very low intensity where nonlinear effects are absent. It has been observed that,
without the induced birefringence, the states of the polarization of input laser light are
preserved at low intensity for both circularly and linearly polarized laser light pulses.

Several fibers with different lengths from 0.5m to 4m were used.

(a) Circularly polarized Pluses

The input pulses were linearly polarized to an extinction ratio better than 400
after the polarizer P. The optical axis of P is set at vertical direction. To observe the state
of polarization of the circularly polarized laser light pulses propagating in a non-
birefringent single-mode optical fiber, these pulses were converted into circularly
polarized using a quarter wave plate QWP1 as shown in Figure IV.2. The optical axis
(fast or slow axis) of QWPI is set at 45° to P. By changing the position of fast axis and
slow axis of QWPI, it will converts the linearly polarized laser pulses to be either right-
handed or left-handed circularly polarized ones. The circularly polarized laser pulses
were coupled into and out of a non-birefringent single mode optical fiber with two 10X
microscope objective lens. At the fiber exit there maybe not only the input circular
polarization state appears, the opposite rotating circular polarization state is also possible

as displayed in Figure IV.3 where the polarization states of light and the optical axes of

134



optical components are shown. The second quarter wave plate QWP2 which is set at the
same angle with QWP1 was used at the output to convert two orthogonal circular
polarization modes into two linear ones. A beam displacing prism BDP which is
alignmented parallel to the optical axis of P was used to spatially separate these two
perpendicular linear polarization modes. The energies of the two circularly polarized
components can be measured through the two linearly polarized components converted

from them.

(b) Linearly Polarized Pulses

To observe the state of polarization of the linearly polarized laser pulses
propagating in a non-birefringent single-mode optical fiber, the linearly polarized laser
light pulses were directly coupled into and out of an optical fiber as shown in Figure
IV.3. The polarization state and the direction of the optical axes of a polarizer and a beam
displacement prism (BDP) are also displayed in this figure. The input laser light to a fiber
is linearly polarized. The output optical signal at high light intensity maybe depolarized.
The two linearly polarized components of the output light are observed using BDP. The
optical axis of the BDP is alignmented parallel to that of the polarizer. The energies of the
parallel and perpendicular components of the depolarized light pulse can be measured at

the exit of BDP.

Depending on the polarization states of the output laser light pulses, one output
pulse was divided into two pulses with orthogonal polarization directions by BDP
(defined as L and II). Pulse 11 is the component parallel to input polarized mode and
pulse L is the component orthogonally polarized to input pulse. The energies of L and II

components were measured using a cooled CCD camera system.
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Figure 1V.2 Experimental set-up for measuring the polarization stability of
circularly polarized laser light pulses, P is a polarizer with the optical axis
at vertical direction, QWP's are quarter wave plates with the optical axes
at 45°to P, BDP is a beam displacement prism parallel to P,
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Figure IV.3 Experimental set-up for measuring the polarization stability of
linearly polarized laser light pulses, P is a polarizer with the optical axis at
verttical direction, BDP is a beam displacement prism parallel to P.
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For circularly polarized optical pulses propagating in a fiber, the degree of

circular polarization can be calculated through

p=(ErR—ELl)/(ER+EL), av.1)

where ER and Ey, are the energies of the right-handed and left-handed components of an
optical pulse, respectively. Since these Il and .L components are corresponding to right-
handed and left-handed components, respectively, the degree of circular polarization can

be expressed as

p=(En—-EL.)/(Eu+Ei), (IV.2)

where Ejj and E are the energies of the linearly polarized components after BDP in
measurement. For linearly polarized optical pulses, E;j and E; are the measured
energies of the linearly polarized components at the original input linear polarization
direction and its perpendicular direction, respectively. The degree of linear polarization

can also be calculated using Eq. (IV.2).

The degree of polarization for circularly and linearly polarized laser pulses
propagating in non-birefringent single-mode optical fibers with different lengths for 0.5
m, 1 m, 2 m, and 4 m is plotted from Figure IV.4 to IV.7 as a function of the input laser
pulse energy. The dot plots are the measured degree of polarization of the output laser
pulses. They have similar characteristics for circularly polarized laser light pulses. The
degree of polarization for circularly polarized input laser pulses was preserved to be
better than 0.90 when the laser pulse energy was varied from 40 pJ to 100 nJ. The energy
range covered three orders of magnitude until the input tip of the optical fiber was

damaged because of the high light power. Similar results were observed when the length
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of the optical fiber was increased from 0.5 m to 4 m. The states of polarization for
circularly polarized laser pulses were preserved in a non-birefringent single mode optical
fiber. The degree of polarization of circularly polarized laser pulses dose not depend on

the pulse energy.

When linearly polarized laser light pulses were coupled into the same optical
fibers, the degree of linear polarization dose depend on the pulse energy. For 0.5 m length
fiber in Figure IV 4, the degree of polarization of linearly polarized laser pulses decreases
monotonically from 0.97 at very low pulse energy to 0.6 at the pulse energy of 100 nJ. In
Figure IV.5, the degree of polarization of linear polarized laser pulses passing through a 1
m length fiber decreases at high pulse energies and displays some kind of oscillation as a
function of pulse energy. In Figure IV.6 for a 2 m fiber, the degree polarization of
linearly polarized laser pulses drops down as the pulse energy increases. The degree of
polarization reaches its minimum value of about 0.2 at the pulse energy of about 70 nlJ,
then goes up. For a 4 m length optical fiber in Figure IV.7, the linearly polarized laser
pulses were depolarized the pulse energy of 10 nJ and the degree of polarization oscillates
dramatically as the pulse energy increases. These salient features of the circularly and
linearly polarized laser pulses propagating in non-birefringent single-mode optical fibers
can be explained using XPM and SPM processes in the non-birefringent single-mode

optical fiber.
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Figure IV.4 The degree of polarization of (a), the circularly polarized
and (b), the linearly polarized 35 ps laser pulses after propagated
through a 0.5-meter non-birefringent single-mode optical fiber as a
function of input 532 nm pulse energy. Dot plots are the experimental
results, and solid curves are calculations.
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Figure IV.5 The degree of polarization of (a), the circularly polarized and
(b), the linearly polarized 35 ps laser pulses after propagated through a
1-meter non-birefringent single-mode optical fiber as a function of input
532 nm pulse energy. Dot plots are the experimental results, and solid
curves are calculations.
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Figure IV.6 The degree of polarization of (a), the circularly polarized and (b),
the linearly polarized 35 ps laser pulses after propagated through a 2-meter
non-birefringent single-mode optical fiber as a function of input 532 nm pulse
energy. Dot plots are the experimental results, and solid curves are

calculations.
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Figure IV.7 The degree of polarization of (a), the circularly polarized and
(b), the linearly polarized 35 ps laser pulses after propagated through a
4-meter non-birefringent single-mode optical fiber as a function of input
532 nm pulse energy. Dot plots are the experimental results, and solid
curves are calculations.
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IV.5 Explanation of Results

To explain the experimental results for the ciycularly and linearly polarized laser
light pulses propagating in short non-birefringent single-mode optical fibers, a theoretical
model has been proposed in Chapter Il which is used here. Using the slowly varying
envelope approximation in circular polarization basesl!3], the total electric field of an

optical pulse can be expressed as:

2_ 2 2 12 i(@-kz) 4 oo i(@-k
. E=Er+EL=={eg Agrnz0e®¥ e, A (rnz,nel @k} +c.c,
2 ’ (Iv.3)

- - = - - - .
where er=(ex—iey)/Vv2,and eg=(ex+ie y)/~2 are the right-handed and
left-handed circular polarization unit vectors and AR, Al are the amplitudes of two
polarization components, respectively. The nonlinear wave equations (Eq. 11.42) in an

isotropic medium can be expressed as :

4
3

|AL|2+§-|AR|2 )AL

aAR + ] aAR +.l_ o 3'AR =iwn2 %'AR|2+
Cc

oz vy ot 2 " o
dA, , 1 OA, i (,,aZAinﬂ;(g

IALP)AR
, (IV.4a)

oz vy A 2° A

, (IV.4b)

where v and v, are the group velocities for right-handed and left-handed components,
respectively, and vz = v, , k(2)'s are the group- velocity dispersion(GVD), and
np=3x()8n is the nonlinear refractive index. The amplitudes and phases of the pulse

envelope are denoted by A and a, respectively:

AR (t.2) = ARo€/®™™ ang  AL(r.2)= ALoel®™® (IV.5)
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where 7=(t=2/vg)/To, Ty is the 1/e pulse duration, and Aro(ALo) is the initial right-

handed (left-handed) amplitude.

Substituting expression (IV.5) into Egs. (IV.4), these nonlinear wave equations
can be solved analytically by neglecting the group velocity dispersion from Egs. (11.57) to
(I1.59). The solutions for the amplitudes and phases of the two opposite rotating circularly
polarized components of a laser light pulse after propagating in an optical fiber with

length z are:

AR(T.Z) = ARO, (IV.6a)
ALz)= Ao, (IV.6b)
and
O 2 4
o (T, 2) = :l’lzl(glgo'*"é'ILo)e'?z, (1V.6c)
0] 2 4
oL(t, 2)= 'an Z(EILO'*'EIR()) e, (IV.6d)

where Aro (ALo) is the amplitude of the right(left)-handed component and Igg (I1g) is the

intensity of the right(left)-handed component.

From the solutions (IV.6a) and (IV.6b) of the nonlinear vs'/ave equations (IV.4),
the amplitudes of two counter rotating circularly polarized components dose not change
due to the nonlinear processes which are SPM and DXPM in the fiber. When the laser
light pulse propagates in the fiber, the amplitudes of the two circularly polarized
components will remain at the values of the initial conditions. There is no exchange of

energy caused by nonlinear interaction between these two circularly polarized laser
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pulses. These solutions means that circularly polarized laser light pulses are stable in the
fiber. The nonlinear processes such as SPM and DXPM in the fiber do not affect the
intensities. Conversely, the nonlinear phase changes in solution (IV.6c) and (IV.6d) are
sensitive to the intensities of the two components. These nonlinear phase changes will
cause spectral broadening of the laser light pulse. They do not affect the polarization state

of circularly polarized laser pulse, but they does change the linearly polarized laser pulse.

For a perfect circularly polarized laser pulse which is right or left handed, only
SPM exists in this case. From Egs. (IV.6), the perfect circular polarization will remain
circularly polarized after propagating in the fiber. The state of polarization does not

change. The only change is the spectral broadening caused by SPM.

When a quasi-circularly polarized laser pulse (defined as elliptically polarized
with eccentricity to be almost 0) is coupled into a fiber, nonlinear processes(SPM and
DXPM) do not affect the amplitudes of the two circular components as shown by Eq.
(IV.6a and 6b). But they do affect the phases of the two opposite circularly polarized
components. When the amplitudes of two circularly polarized components were
measured at output, the amplitudes of the two circular components are stable. As a result,
the degree of polarization of circularly polarized laser pulse does not depend on the pulse

energy as shown in Figure IV.4 to IV.7.

When linearly polarized laser pulses were coupled in these optical fibers and the
two linearly polarized components were observed at the fiber exit. The results are
different with the circularly polarized laser pulses. A perfect linearly polarized laser pulse
can be treated as two counter-rotating circularly polarized components with the same
amplitudes and phases. From the solution (IV.6), the two circularly polarized components

still have stable and equal amplitudes. The nonlinear phase changes are also exactly the
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same because of the same intensities of the two circular components. At the fiber exit, the
measured linearly polarized components are the superpositions of the two circularly
polarized components. These superpositions give the original linearly polarized pulse at
fiber output because of the equal amplitudes and equal phases of the two circular
components. This perfect linearly polarized laser pulse should not be depolarized from

these nonlinear effects.

However, the input linear polarization of laser light was not perfect under our
experimental conditions and a small portion of light was scattered into the
perpendicularly polarized mode. The most important scattering source is the fiber input
surface which was irregular after the fiber cut. A photo picture of the surface of a fiber is

shown in Figure IV.8. In this case, the linearly polarized pulses were slightly depolarized

with a ratio I = [y / Ix which resulted in difference in the magnitudes of Ig and Ij..

Using the polarization base expressions

- 1 (-—> -—>)
ex =—F=(er+eL
" “/_2_ , (IV.7a)
y = ——(er—o1)
€y =—F=(er—¢€L
’ ‘/7 , (IV.7b)
one has
- -
E = Exex+1Eyey
E l(—)+—))+'E i(—> ->)
= — 1 _— -
xﬁ ERTCL y'\/i CR—CL
L (B, +Ey)en+—=(Ex~Ey)er
= —= ert+—=(Ex—Ey)e
\/i X y/CR \,/i X y L. IV.8)
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The amplitudes of the two circular components are

1
Er = -’\/—E(EX +Ey), (1V.92)
1
EL= E(EX —Ey), (IV.9b)
Al =lIg - I|

~[L 21 L g _ET
—[‘\/E(Ex-*-Ey)] ['\E(Ex Ey)]

Al = 2ExEy,
using Iy=rIx and Ix=Ex2, we have
Al =2+r 4. (IV.10)

For small ratio r, we have Iy>>ly , therefore,

Al =2+ ], av.11)

where Al is the difference of the intensities of the two circular component and I is the

total pulse intensity. When a quasi-linearly polarized(slightly depolarized) laser pulse is

undertested and is treated as two circularly polarized components, the nonlinear phases

of the two circularly polarized components will be different. The difference can be

calculated using Egs. (IV.6)

Aa(t,z) =log — o l= :—;nzwe-fz (IV.12)
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Figure IV.8 The image of the cross section of a single-mode optical fiber under a atomic force
microscope (AFM).
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where Al=l Iro-ILol is the intensity difference of the two circular components and Ac. is

the nonlinear phase shift between the two circular components.

At the fiber exit, the measured linearly polarized components are the
superpositions of the two circularly polarized components. Since these superpositions are
sensitive to the amplitudes as well as the phase of the two circular components, the
nonlinear phase shift will cause the linear polarization to change. More accurately, this
nonlinear phase shift will cause the quasi-linear polarization to rotate. Consider two
opposite circularly polarized lights with equal amplitudes, the superposition is linearly
polarized when the phase difference is zero. For a nonlinear phase shift of A0.(T,z), this
superposition remains linearly polarized, but the polarization direction rotates with an

angle of Ao(T,z)/ 2.

Since this nonlinear polarization rotation is proportional to the pulse instantaneous
intensity as shown in Eq. (IV.12), the rotation angle within a laser pulse profile will be
different at different time. Therefore, when a linearly polarized optical pulse propagated
through an optical fiber, the polarization state remained linearly polarized everywhere
within the pulse temporal profile but the direction of the polarization changes at different
time. The optical pulse appeared to be depolarized at the output of the optical fiber due to
the instantaneous intensities in pulse envelope. More details are given in Section 5 of
Chapter II from Egs. (I11.66) to (I1.69). The two orthogonal linear polarization components

after BDP can be denoted as:

Py= [Ioe " cos?(ke ¥)dr, (IV.13a)

-0

and
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P.= [Io e~%sin2(ke~*)drt, (IV.13b)

-0

An
3A
calculated through: p =|Pjy—P1|/(Py+PL). After simplifying this expression

where k = —n,zVr 1 is a nonlinear phase parameter. The degree of polarization is

(reference Section 5, Chapter II from Egs. (11.57) to (I1.73)),

1
P=Tr

[e~"cos(2ke~*)dT, (IV.14)

as shown in Eq. (I1.73).

The calculation results of the degree of polarization of linearly polarized laser
pulses propagating in optical fibers as a function of the input pulse energy are shown
from Figure IV.4 to IV.7 as solid curves for r=0.015,'0.086, 0.005, and 0.05
corresponding the fiber length of 0.5 'm, 1 m, 2 m, and 4 m, respectively. These

calculation curves are in agreement with the experimental measurements.

From the Eq. (IV.14) using the nonlinear phase shift k = —:%nz zr [, the degree

of polarization of the output laser pulses from an optical fiber is a function of the pulse
intensity as well as r which is the small depolarization ratio determined at very low pulse
intensity. As discussed before, this small depolarization ratio r arises from the scattering
processes introduced by the irregular shape at the fiber input surface which is not
intensity related. The typical value of r is between 0.001 and 0.1. It is easy to understand
that this depolarization ratio changes from a fiber to another one because of the irregular
shape of the fiber end surface. This initial small depolarization ratio will dramatically

affect the polarization state of the laser pulses propagating in an optical fiber at high
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intensity. As shown in Figure IV .4, the degree of polarization of depolarized output laser
pulses for 0.5 m-length optical fiber decreased from the initial value of 0.97 (r=0.015) at
very low pulse energy to 0.6 at pulse energy of 100 nJ. For more higher pulse energy, the
input tip of the fiber was damaged because of the high laser intensity. For a 1-meter
length fiber as shown in Figure IV 5, the initial value of the degree of polarization is 0.84
at low pulse energy (r=0.086), the degree of polarization of the output laser pulses
decreased to zero at the input pulse energy of 35 nJ. In Figure IV.6 for a 2-meter length
optical fiber, the initial degree of polarization at low pulse energy is 0.99 (r=0.005) which
is higher than that for the 1-meter fiber, the degree of polarization decreases to zero at the
pulse energy of 74 nJ which is also larger than that of the 1-meter fiber. With a 4-meter
length fiber, the initial degree of polarization is 0.90 (r=0.05) at low pulse energy, the
degree of polarization dramatically decreases with the pulse energy as shown in Figure
IV.7. It arrives zero at the pulse energy of only 11.5 nJ and then oscillates when the pulse

energy increases.

To see the effect of the initial depolarization ration more clearly, the degree of
polarization of linearly polarized laser light pulses has been measured for the optical
fibers having the same length but different values of the initial depolarization ratio r. As
shown in Figure IV.9, two optical fibers which cut from one have the same length. The
only difference between them is the small depolarization ration at very low laser pulse
energy where the nonlinear effects are absent. This difference is from the irregular shape
of the fiber end surfaces. The data plots are the measured results. For the fiber with
r=0.005, the degree of polarization was 0.99 at low pulse energy and decreased to 0.1 at
the pulse energy of 65 nl. For the fiber with r=0.021, the degree of polarization was 0.96
at low pulse energy and reached the minimum value of 0.2 at the pulse energy of 40 nlJ.

The solid curves are the theoretical simulations.
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The effects of the initial depolarization ratio and the pulse energy have been
discussed. From another point of the view for Eq. (IV.14), the degree of polarization of a
laser pulse having the Gaussian pulse shape is only a function of the nonlinear phase shift
k. This nonlinear phase shift can be calculated through the pulse energy and initial
depolarization ratio r. All the measured results can be plotted as a function of k and they
should stay on one curve. For various optical fibers having different lengths and initial
depolarization ratio, the fit is shown in Figure IV.10 for the degree of polarization of the

output laser light pulses as a function of k.

In conclusion, the polarization state of circularly and linearly polarized
picosecond laser pulses propagating through non-birefringent single-mode optical fibers
have been studied. It was found that circularly polarized laser pulses were less sensitive
to the intensity than that of linearly polarized laser pulses. A model using self-phase
modulation(SPM) and cross-phase modulation(XPM) has been used to explain the
measured preservation of the circular polarization state and the depolarization of linear
polarization state in optical fibers. The model is in good agreement with the experimental

results.
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FIBER LENGTH: L=2 m

P=0.99 (r=0.005)
P=0.96 (r=0.021)

DEGREE OF POLARIZATION

INPUT PULSE ENERGY (nJ)

Figure IV.9 The degree of polarization of the linearly polarized 35 ps laser
pulses after propagated through a 2-meter non-birefringent single-mode
optical fiber as a function of input 532 nm pulse energy. (a) For a fiber with
the initial depolarization ratio r=0.005; and (b) r=0.021. Dot plots are the
experimental results, and solid curves are calculations.

154




DEGREE OF POLARIZATION

B 0.5 m(r=0.015)
+ 1 m (r=0.086)
4 2 m(r=0.005)
02 m(r=0.021)
s 4 m (r=0.05)

"k=4nnrio/3A

Figure 1V.10 The degree of polarization of linearly polarized 35 ps laser
pulses after propagated through non-birefringent single-mode optical
fibers as a function of nonlinear phase shift k. Dot points are the
experimental results for fiber with different lengths, and solid curve is
calculations.
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Chapter V
NONLINEAR POLARIZATION TWISTING OF PICOSECOND AND
FEMTOSECOND OPTICAL PULSES IN NONBIREFRINGENT
SINGLE-MODE OPTICAL FIBERS

V.1 Introduction

Over the past ten years, nonlinear polarization properties of ultrashort laser pulses
propagating in birefringent single-mode optical fibers have been studiedl!-5] to
understand its potential role in various applications in optical communication, switching,
and optical amplification. In birefringent single-mode optical fibers, the intensity-
dependent linear polarization instabilities have been attributed to an induced refractive
index change. This induced index change which depends on light intensity tends to cancel
the initial birefringence of optical fibers. At a certain high intensity, this birefringent
optical fiber becomes a non-birefringent one. Recently, the polarization state of ultrashort
laser pulses propagating in non-birefringent single-mode optical fibers(®] has been
investigated. The polarization stabilities of circularly and linearly polarized laser pulses

have been measured and theoretically modeled.

In this chapter, the temporal characteristics of the nonlinear depolarization effect
for linearly polarized 35 picosecond and 100 femtosecond light pulses propagating
through nonbirefringent single-mode optical fibers are investigated. Sub-structures at
different polarization modes within linearly polarized input laser pulse profiles after the
optical fibers and a polarizer have been observed. This phenomenon arises from
Nonlinear Polarization Twisting (NPT). A theoretical model has been developed to
explain the NPT in a nonbirefringent single-mode optical fiber (see section ILS5, chapter

II, Figure 11.12). This NPT phenomenon is attributed to the polarization twisting within
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the pulse envelope of a linearly polarized laser pulse due to both self-phase modulation

(SPM) and degenerate cross-phase modulation (DXPM) processes in the optical fiber.
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V.2 Nonlinear Polarization Twisting of 35 Picosecond Laser Pulses in

Nonbirefringent Single-mode Optical Fibers
V.2.1 Experimental Setup

The experimental setup to observe the effect of nonlinear polarization twisting
(NPT) of picosecond laser light pulses is shown schematically in Figure V.1. Laser pulses
with a duration of 35 ps at the wavelength of 532 nm were generated by the second-
harmonic generation (SHG) of laser pulses emitted from a mode-locked Nd:YAG laser
system. The details of this Nd:YAG laser system were described in the section II1.2 of
chapter IIl. After passing through a polarizer Pl, these laser pulses were linearly
polarized to an extinction ratio of better than 400. The linearly polarized laser pulses were
coupled into and out of a 1-m single-mode nonbirefringent optical fiber (Newport
Corporation Model: FSA-10). The optical fiber had a symmetric circular cross section
without birefringence except the residual birefringence randomly existed in the fiber
which was formed during the fabricating process. The beat length (Lp: see chapter I) of
this kind of residual birefringence is much longer than the length used in the experiment.
Hence, the fiber can be treated as nonbirefringent. For even a single laser pulse
propagating in the nonbirefringent optical fiber, both DXPM and SPM processes
occurred!”} because of high intensity of the laser pulse. These nonlinear processes usually
caused the depolarization of the laser pulse in the fiber. A second polarizer P2 that was
parallel to P1 was used at the fiber exit for measuring the parallel component. To measure
the perpendicular component, P2 had to set 90° to P1. After the second polarizer P2, a
single-shot Hamamatsu streak camera with resolution of 2 ps was used to measure the

temporal profiles of the selected polarization component.
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Figure V.1 Schematic diagram of the experimental setup to observe the
nonlinear time modulation of picosecond laser light pulses. C:
micro-objective lens coupler, P1 and P2: polarizers, M: mirror .
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Figure V.2 (a) Temporal profiles of the incident laser pulse, dotted points are
measured result and solid curves are theoretical fitting with a 35 ps Gaussian
pulse profile. The measured pulse had a small temporal asymmetry where the
leading edge is shorter about 4 ps than the trailing edge. (b) Output signal at a
fiber exit without passing through polarizer P2 at the pulse energy of 1.5 nJ
which has a similar characteristics of the incident laser pulse as shown in (a).
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The measured laser light pulse temporal profile from the YAG laser system is
displayed in Figure V.2(a) as a dot curve. The temporal profile of the laser light pulse was
slightly asymmetric. The leading edge was shorter about 4 ps than the tailing edge. The
solid curve shows a Gaussian fitting to the measured pulse shape with a duration of about
35 ps. These laser light pulses were then coupled into a nonbirefringent single-mode
optical fiber. The temporal profiles of the output laser pulse at the fiber exit without
passing through the polarizer P2 are displayed in Figure V.2(b) as a dot plot for the pulse
energy of 0.15 nJ. The output pulse temporal distribution from an optical fiber is similar
to the incident pulse as shown in Figure V.2(a) and is independent to the light intensity.
This is not surprising because the length of the optical fiber was short. The bandwidth of
the picosecond laser light pulse was narrow and the group-velocity dispersion of the
optical fiber was small. Hence, the temporal profile of the output laser pulse from an

optical fiber was not broadened much.

V.2.2 Results

The temporal profiles of the output laser light pulses from the optical fiber for
various pulse energies ( pulse intensities) are shown in Figure V.3 for pulse passing
through the polarizer P2 set parallel to P1. Six measured temporal profiles are displayed
using dot lines for different input pulse energies from 1.5 nJ to 32 nJ. In Figure V.3(a) for
a relative low input energy of 1.5 nJ, the output pulse profile became less sharp. A dip
appeared in Figure V.3(b) by increasing the input energy up to 6.6 nJ. In Figure V.3(c)
for input pulse energy at 12 nJ, sub-pulse structure appeared. The output pulse splits into
two pulses. Each one had a duration of about 18 ps. When the input energy was increased
further to 19 nJ, the output pulse profile symmetrically developed additional pulse sub-
structure. Three pulses were produced as shown in Figure V.3(d). The central one was

larger than the side ones. Increasing the input energy to 27 nl, a complex pulse profile
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Figure V.3 Temporal profiles of parallel polarized component of the output
pulses for different incident pulse intensities. Polarizer P2 was set paraliel to
P1. The dot plots are the experimental results. The solid curves are fitting for
different pulse energies (intensities) and k values (nonlinear phase shift). (a).
1.5 nJ (k=0.2), (b). 6.6 nJ (k=0.8), (c). 12 nJ (k=1.5), (d). 19 nJ (k=2.4), (e). 27
nJ (k=3.4), (f). 32 nJ (k=4.0).
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was generated when a low valley appeared on the central pulse to make it look broader in
Figure V.3(e). The output pulse has shown four bumps for a higher input pulse energy at
32 nJ as shown in Figure V.3(f). This intensity dependent pulse-splitting phenomenon

arises from the nonlinear polarization twisting (NPT).

V.2.3 Discussion

The measured results of NPT is modeled using the nonlinear depolarization in
optical fibers[6], Discussions on NPT effect can also be found in Chapter II. The linearly
polarized laser pulses propagating in a nonbirefringent single-mode optical fiber can be
analyzed using two orthogonal circular polarization bases. A linearly polarized laser pulse
consists of two opposite circularly polarized components. Due to SPM and DXPM
between these two circularly polarized components!7], the linear polarization state of the
input laser pulse is twisted at different local time in the pulse profile. The nonlinear wave
equations of the two circularly polarized components that govern the propagation of the

laser pulse in the optical fiber can be expressed asl7):

8AR+ 1 aAR+-i-kS?2)32AR=inn2

2 4
(§|AR|2 + EIALIZ)AR, (V.1a)

0z ver O 2 d¢?
dAL, 1 dAL i 232AL .@Lny 2 2, 4 2
+ +— k@ = | =lALlF+=lARI") AL, (V.Ib
L G zks. 37 (3 AL ’3AR) L, (V.1b)

where g is the group velocity for the wave i, k;(2) is the group velocity dispersion for the
wave i, and np=3y()8n is the nonlinear refractive index. The first terms in the right-

handed side of Eqs. (V.1) are SPM terms and the second terms are the DXPM terms.
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These nonlinear wave equations can be solved only using numerical method, but
analytical solutions are possible under some approximations. Assuming that the third
terms of the left-handed side of Egs. (V.1) are small enough (meaning that the temporal
broadening caused by the group velocity dispersion is neglected, this is true in our case.).

Using slowly changing envelope and phase of the pulses with a and o, respectively. we

obtain:
AR(7,2) = ap(r,) €' R, (V.22)
AL(t,2) = ar(r,z) gloL(ra), (V.2b)

Egs. (V.1) reduce to

aaR
4R -0, V.3
% (V.3a)
day
gaL _ . V.3b)
oz (
o . 2 4
&‘zR = l'c—nz [5 a% + ‘3‘a%], (V.3c)
d N0 2 4
goL _ i—na[=a%+—a3l, (V.3d)

oz c 3 3

where T = (t — Z/ vg])/ To is the pulse local time and To s the 1/e pulse duration. In

addition, Gaussian pulse shapes are chosen at the input z=0:

)
Ar(tz=0=aqagoe ¥ /2. (V.4a)

Y ;
AL(tz=0=aroe T /2, (V.4b)
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where @0 and dyg is the input peak amplitudes of the laser pulses. With these initial
conditions, the solutions for the amplitudes and phases of the pulse after propagating in

optical fiber with length z are

aR(r,z) = Aro» (V.5a)
aL(r,z) = aLo, (V.5b)
ORr(T, 2)= %nz Z(EIRO +§ILO) e_12’ (V.5¢)
o (7, 2)= % n2 Z(% Io+ % Iro) e'fz, (V.5d)

where 1j0 and Ipg are the intensities of the two circular components of input laser pulse.
Egs. (V.5) give the amplitudes and phases caused by SPM and DXPM processes for a
single laser pulse propagating in an optical fiber. The amplitudes of the two circular
components remain stable during the propagation from the solution (V.5a and V.5b),
while the phases depend on the intensities of right- and left-handed components (V.S5c

and V.5d).

Consider a perfect linearly polarized laser pulse which can be regarded as
superposition of two circular polarization components with the same amplitude and zero
phase difference. Since these two circularly polarized components have exactly the same
intensity, their nonlinear phase changes are equal. At the output of the optical fiber, the
superposition of the two equal-phase circular polarization states gives the original linear
polarization state. Therefore, the nonlinear depolarization and NPT effects should not

occur,

Under practical real world experimental conditions, the input laser pulses was not

perfect linearly polarized. The input laser pulses had an extinction ratio of better than 400
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before the fiber. At the fiber exit, the output pulse had a typical extinction ratio of 20
(degree of polarization is 0.9). This depolarization is believed to be caused by the
scattering of the surfaces of the optical components, more specifically by the fiber input
surface which is irregular after the fiber cut. The incident linearly polarized light was
scattered into the perpendicular linear polarization mode. As a result, the incident linearly
polarized light becomes slightly depolarized. This is true because there is a depolarization
background at very low pulse intensity where nonlinear effects are absent. This non-
perfectly linear polarization state can be theoretically simulated by an elliptically
polarized optical pulse. The intensities of the two circular components became unequal
with a difference of AlI=|Igg-ILol = 2\/; Io, where I is the total intensity, Irg and I g
are the intensities of right- and left-handed components, respectively; and r is the small
depolarization ratio defined by I = I, /Ijj, where I, and Ijj are the intensities of the
perpendicular and parallel linearly polarized components of the incident laser pulse,
respectively (see Eq. (IV.10)). The phases of these two circularly polarized components
of the high intensity laser pulses are not equal after propagating through an optical fiber.
There will be a nonlinear phase shift between these two circular components. The
nonlinear phase shift can be calculated using Egs. (V.5) and expressed as:
ir

Aa(’c,z)=IaR-a,_I=-3;—/1—n2zA1e'72=2ke"2. | (V.6)

where k=41tnzz\f1-' Ip/3A is a nonlinear phase parameter. The nonlinear phase shift is a
function of pulse instantaneous intensity due to its dependence on pulse local time 1. At

the output, the superposition of the two circular components is not the input pulse

polarization state because of this nonlinear phase shift Act.

After a laser pulse propagated through the optical fiber, the polarization state at

the fiber exit is a superposition of the two circularly polarized components. For two
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opposite circularly polarized pulses with equal amplitude, the superposition is always a
linearly polarized laser pulse. The direction of the linear polarization depends on the
phase difference. A zero phase difference between two circularly polarized states will
give a linear polarization state at x-axis direction. For a phase difference of A0.(T,2),
the output linear polarization will rotate by an angle of A0.(T,z)/2. Details of the
calculation of this polarization rotation can be found in chapter II from Eq. (II.61) to
(I1.62). After a quasi-linearly polarized ultrashort laser pulse passing through an optical
fiber, the state of polarization depends on local time because of the nonlinear phase shift
A0a(T,2)/2. The quasi-linearly polarized optical pulse will keep linearly in propagation,
but the polarized direction gradually changes at different local time depending on Ao
within the pulse profile. This nonlinear polarization change at different local time results

in a twisting linear polarization state within the pulse envelope.

The three dimensional structures of the evolution of the polarization vector of a
quasi-linearly polarized laser pulse at different local time 1 are displayed in Figure V.4
after undergoing different nonlinear phase shifts k (for different intensities in the
experiment). The intensities of the two linearly polarized components of laser pulses are
at x and y directions, respectively, as shown in Figure V.4 where T is the local time. At
low intensity (k ~ 0) without any significant nonlinear phase shift, the output laser pulse
remains linearly polarized in a x-direction as shown Figure V.4, The electric field profile
of the output laser pulse is also in x-T plane. For k=2, the polarization direction of the
laser pulse first shows a rotation at the central region (T ~ 0). The electric field profile
displays a curve which turn to y-direction. For k=4, the electric field profile developed to
curve rotating around T-axis. This curve represented the change of the linear polarization
direction in the pulse profile. When k is increased further, the polarized direction of the

laser pulse developed into different twisted structures. The polarization change within a
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pulse profile due to different k can be viewed as polarization-twisted laser pulses in

different local time.

For the laser light pulses having Gaussian shape and linearly polarized at x-axis

direction. The electric field of the input laser light pulse can be expressed as
- -
Az =0 =ecaoe "2, .7

For the output light pulse having a rotation angle of A0(T,z)/2, the electric field

component at parallel direction (x-axis direction) are
= a0 a-T/2
A= ace” "/ “cos{our,z)/ 2}. (V.8)

The measured intensity temporal distribution of the parallel component of the output laser

pulse after polarizer P2 parallel to P1 can be expressed by:

Iir)=Ioe™" cos?(k &), (V.9)

where Io is the peak intensity and k(lo) is the nonlinear phase parameter. At high
intensities, the cos2(x) term will give rise to a high frequency oscillation within the pulse
temporai profile. Hence, the input picosecond laser pulse will be split into several narrow

small linearly polarized pulses.

Using this model the data fitting are shown in Figure V.3 as solid curves for
different pulse energies. These results are in good agreement with the measurements for
corresponding values of nonlinear phase parameter k. The temporal profile asymmetry of

the incident laser pulses still had a signature in the experimental results and it is clear that
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the leading edge was shorter than the trailing edge in Figure V.3(b) at the pulse energy of
6.6 nJ. The output at perpendicularly polarized direction of polarizer P1 is also
modulational structures in time but it is a sin2(x) function. The output pulse temporal
profiles at the perpendicular direction also have been measured for different pulse
intensities. The dot plot in Figure V.5(b) is the measured pulse sub-structure at pulse
energy of 32 nJ by setting P2 at perpendicular direction of P1. The solid curve is the
calculation at the same pulse energy. Figure V.5(a) displays the temporal profile of the
parallel component at the pulse energy of 32 nJ to show the differences of these two
components. It is easy to understand that the superposition of these two linearly polarized
components will give the original pulse shape. At the pulse energy of 32 nJ, the
superposition of the parallel component as shown in Figure(a) and the perpendicular one
as shown in Figure V.5(b) is displayed in Figure V.5(c) as a dot plot. Indeed, it is similar
to the output laser pulse in Figure V.2(b) without passing through the polarizer P2 except
that it is much noisy. This noise is caused by the fluctuation of the laser and the jitters of
the streak camera. A fitting curve is also shown in Figure V.5(c) as a solid one which has
the same pulse duration of the input laser pulse in Figure 2(b). They are in good

agreement with each other.

In summary, the nonlinear polarization twisting has been observed arising from
nonlinear processes, SPM and DXPM for laser pulses traveling in a nonbirefringent
single-mode optical fiber. The theoretical model for NPT is in good agreement with the
experimental results. The modulational structures of the temporal profiles of the output
linearly polarized components are sensitive to the nonlinear phase shift parameter k. The
effect may be used to measure the nonlinear refractive index, na, and can be useful in the

ultrafast all-optical A/D converters, optical switches, and optical amplifiers.
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Figure V.5 (a), Output temporal profile of parallel component at the
pulse energy of 32 nJ; (b), Temporal profile of perpendicular
component (to P1) at the same pulse energy of 32 nJ; (c), The
superposition of parallel and the perpendicular component of the
output laser pulse. The output pulse is similar to the pulse without
passing through the polarizer P2 as shown in Figure V.2 (b). Solid
curves are the fittings of the temporal profiles.
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V.3 Nonlinear Polarization Twisting of Femtosecond Laser Pulses in Non-

birefringent Single-mode Optical Fibers
V.3.1 Experimental Setup

The schematic diagram of the experimental setup for measuring the nonlinear
polarization twisting (NPT) for femtosecond laser light pulses is shown in Figure V.6.
Ultrashort laser pulses were generated from a colliding-pulse mode-locked dye laser with
a power of 5 mW, at the wavelength of 625 nm with a bandwidth of 6 nm, a repetition
rate of 82 MHz. These laser light pulses having pulse duration of 60 femtosecond were
then amplified to an energy of 1 puJ per pulse by a copper-vapor laser at a pulse repetition
rate of 6.5 KHz. These ultrashort laser pulses were linearly polarized at horizontal
direction to an extinction ratio of better than 1000. To avoid the temporal broadening
caused by group velocity dispersion of the ultrashort laser pulse, a thin glass slide was
inserted into the laser beam to select a small portion of the laser light as the reference
pulse for the cross correlator which was used to measure the temporal profile of the
output optical signal from an optical fiber. The horizontal linearly polarized laser pulses
after the glass slide were then coupled into and out of a 0.5-m-length single-mode
nonbirefringent optical fiber (Newport Corporation Model: FSA-10). The optical fiber
had a symmetric circular cross section without birefringence except the residual
birefringence randomly existed in the fiber which was formed during the fabricating
process. The beat length of this kind of residual birefringence is much longer than the
length used in the experiment. Hence, the fiber can be treated as nonbirefringent. The
optical fiber had a core diameter of 4 pm and cladding thickness of 125 pum which can
support a single mode at the laser light wavelength of 625 nm. As discussed in last
section V.2, both DXPM and SPM processes occurred(’] for even a single laser pulse

propagating in the nonbirefringent single-mode optical fiber because of high intensity of
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Figure V.6 Schematic diagram of the experimental setup to observe the
nonlinear time modulation of femtosecond laser light pulses. C:
micro-objective lens coupler, P: polarizers, M: mirror .

174



the laser pulse. These nonlinear processes usually caused the depolarization of the laser
pulse in the fiber. At the fiber exit, the output optical signal was sent to a cross correlator
for measuring the temporal profile. The cross correlator has been discussed in section
I11.8 of Chapter III in great detail. The signal from the cross correlator was collected and

analyzed using a computer and displayed on the screen.

An important feature of the cross correlator is that the second harmonic generation
(SHG) signal for Type I arrangement is sensitive to the polarization state of the two
optical pulses. Since type I SHG (o+o -> e) requires strictly phase match, the SHG signal
exists only for two parallel linearly polarized optical pulses. There is no SHG signal for
two perpendicular linearly polarized optical pulses. In experiment, the output optical
signal pulse from the optical fiber is usually depolarized and has two polarization
components. Since the reference pulse is linearly polarized in the horizontal direction, the
SHG signal will depend on the horizontal component of the output optical pulse. For the
reference pulses at a given intensity, the intensity of SHG is proportional to the intensity
of the horizontal components of the output optical plusses from the fiber. By changing the
optical delay time between the reference pulse and the signal pulse, the temporal profile
of the horizontal component can be measured. To measure the vertical component of the
output optical pulses, a 90° rotator was used in front of cross correlator in the signal
beam. The optical axis of the rotator was set at 45° to the horizontal direction. After
passing through the rotator the direction of polarization of the optical pulse turned 909°.
The horizontal and vertical components exchanged their positions. In this case the SHG
signal is proportional to the intensity of the vertical component of the output optical

pulses from the fiber.

The measured SHG intensities for pulses before and after the fiber as a function of

the optical delay for the amplified CPM laser system is displayed in Figure V.7 as solid

175



—~ 1.0

>

S; n

& 0.5 [

P

LLI -~

|_.

Pz

- 0.0 —_

0 100 200 300 400 500

TIME (fs)
(a)

1.0

INTENSITY (A. U.)
o
o
|

0.0

Figure V.7 (a) The auto-correlation curve of the amplified CPM laser light
pulses. (b) the cross-correlation curve of the the refrence pulse and the
pulses passing through a 0.5-m-length single-mode optical fiber.
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curves. The auto-correlation curve of the laser light pulses without passing through the
optical fiber is shown in Figure V.7(a). The FWHM of the auto-correlation trace is 95 fs,

corresponding to the laser pulse duration of 60 fs for the hyperbolic square secant pulse
temporal profile of the laser light pulse. For the laser light pulses passing through the 0.5-
m-length nonbirefringent single-mode optical fiber at low pulse energy of 5 nJ, the cross-
correlation curve was shown in Figure V.7(b). The cross-correlation has a FWHM of 2.8
ps. This broadening of pulse duration is due to the group velocity dispersion (GVD) in
the optical fiber. The input laser light itself has a large bandwidth of 6 nm. When the laser
pulses were coupled into the fiber, the supercontinuum generation produced more
frequencies due to the high light intensity. The GVD caused the temporal profile of the
laser pulse broadened greatly. Because of the large difference between the durations of
the reference pulse (60 fs) and the output signal pulse from the fiber. The reference pulse
acted just like a Delta function to the signal pulse. The cross-correlation curve is the

temporal profile of the horizontal component (without rotator) of the signal light pulse.
V.3.2 Results

The cross-correlation curves (temporal profiles) of the output laser light pulses
from the optical fiber for various input pulse energies (pulse intensities) are shown in
Figure V.8 for horizontal component without a rotator. Six measured cross-correlation
curves are displayed for different input pulse energies from 5 nJ to 45 nlJ. Figure V.8(a)
shows the output pulse profile of the horizontal component for a relative low input energy
of 5 nJ. The intensity of the vertical component of the output light pulses is too weak to
be measured at this input pulse energy by using cross-correlation method. It is suffice to
say that the light remains linearly polarized at the horizontal direction for the pulse
energy of 5 nJ after propagating in the optical fiber. Due to GVD, the temporal profile of

the output pulse was much broadened to the FWHM of 2.8 ps. In Figure V.8(b) by
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Figure V.8 Temporal profiles of horizontal component of the output pulses for
different incident pulse energies. The curves are the experimental results. The
input pulse energies (intensities) are (a). 5 nJ, (b). 16 nJ, (c). 21 nJ, (d). 25 nJ,
(e). 30 nJ, (f). 45 nJ.
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increasing the input pulse energy up to 16 nJ, a dip appears. This dip means that the
energy in the dip area is coupled from horizontal polarizing direction to vertical
polarizing direction. Increasing the input pulse energy to 21 nJ as shown in Figure V.8(c),
the dip develops and is well formed. In Figure V.8(d) for input pulse energy at 25 nJ, sub-
pulse structure appeared. The output pulse splits into two pulses. Each one had a duration
of about 0.8 ps. When the input energy was increased further to 30 nJ, the output pulse
profile symmetrically developed additional pulse sub-structure. Three pulses were
produced as shown in Figure V.8(e). The central one was smaller than the side ones.
Increasing the input pulse energy to 45 nlJ, a complex pulse profile was generated when
the central sub-pulse structure became stronger than the side ones and the intensity of the
side ones developed asymmetrically as shown in Figure V.8(f). This intensity dependent
pulse-splitting phenomenon also arises from the nonlinear polarization twisting (NPT) as

we discussed in last section.

V.3.3 Discussion

The experimental measured results of NPT for picosecond laser light pulses has
been modeled using the nonlinear depolarization in optical fibers. The nonlinear
depolarization can be described using the nonlinear wave equations Egs. (V.1) of the two
circularly polarized components of the laser pulse in the optical fiber. For picosecond
laser light pulses, the dispersion terms (third terms on the left-handed side of Egs. (V.1))
can be neglected since they are small. Analytical solutions have been solved from the
nonlinear wave equations for picosecond laser light pulses. The calculation of the NPT
has a good agreement with the experimental results. However, the GVD terms can not be
neglected for femtosecond laser light pulse since they affected the propagating pulse

property strongly. There is no analytical solutions for these nonlinear wave equation.
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Fortunately, we can have similar conclusions after analyzing theses nonlinear wave

equations (V.1) in detail.

These nonlinear wave equations (V.1) have two terms on the left-handed side
which represent for SPM and DXPM. From the solutions of the amplitudes and phases
caused by SPM and DXPM processes for a single laser pulse propagating in an optical
fiber in Egs. (V.5). The amplitudes of the two circular components remain stable during
the propagation from the solution (V.5a and V.5b), meaning that the right- and left-
handed components don not transfer energy from each other. The intensity of the right- .
handed component remain at the input initial value in the pulse propagation and so dose
the left-handed component. The phases of the two components depend on the intensities
of right- and left-handed components (V.5¢ and V.5d). Considering the GVD terms
which broadened the pulse dramatically for femtosecond light pulses, as a matter of fact,’
the only effect of these GVD terms is that the temporal broadening of the laser light
pulses. GVD effect does not cause the energy transfer between right-handed component

and left-handed component either. The circular polarizations are still stable in this case.

The nonlinear polarization twisting depends on the stable propagation of the
circularly polarized components and a nonlinear phase difference between the two
circularly polarized components. These conditions are true for femtosecond laser light
pulses propagating in the nonbirefringent single-mode optical fiber. The effect of GVD is
to broaden the light pulse for which we are not interested. Not surprisingly, the NPT has

been observed in the experiment as shown in Figure V.8.
Like picosecond laser light pulses, the femtosecond light pulses were not perfect

linearly polarized. The input laser pulses had an extinction ratio of better than 1000

before the fiber. At the fiber exit, the measured output pulse from the fiber had a typical
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extinction ratio of 100 (degree of polarization is 0.98) at very low light intensity where
the nonlinear effect is absent. This depolarization is believed to be caused by the
scattering of the input surfaces of the optical fiber which is irregular after the fiber cut.
The incident linearly polarized light was scattered into the perpendicular linear
polarization mode. As a result, the incident linearly polarized light becomes slightly
depolarized. Again for this not-perfectly linear polarization state, the intensities of the
two circular components became unequal with a certain difference. Therefore, the phases
of these two circularly polarized components of the high intensity laser pulses are not
equal after propagating through an optical fiber. There will be a nonlinear phase shift
between these two circular components. The nonlinear phase shift is responsible for the

observed NPT.

The nonlinear phase shift can be expressed using Eq. (V.6) for picosecond laser
light pulses which is not directively effective for femtosecond laser light pulses. The
reason is that the instantaneous light intensity in the pulse temporal profiles changed with
the propagating distance in the fiber because of GVD. For picosecond laser light pulses,
the temporal broadening has been neglected in the calculation. The instantaneous light
intensity in the pulse temporal profile does not the pulse propagation in a fiber. For
femtosecond laser pulses, the instantaneous intensity of the light intensity in the pulse
temporal profile is always chan?ing due to the GVD effect. The instantaneous intensity in
pulse profiles decreases along the fiber, so the nonlinear effect became smaller when the
light propagates further in the fiber. The measured NPT effect as shown in Figure V.8 is
an total NPT effect for the input laser light pulses with various different nonlinear phase
shift k values. In this case, an average nonlinear phase shift <k> can be used to describe
the total NPT which is proportional to the input pulse energy. The total nonlinear phase

shift can be expressed as
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A0(T,z) =2 <k > e, (V.10)

where < k >=47n, \r IoZ is the average nonlinear phase parameter. For light pulses
with a Gaussian pulse shape, the theoretical fitting to the measured results as shown in
Figure V.8 is displayed in Figure V.9 using Egs. (V.10), (V.8), and (V.9). Other pulse
shape can also be used but the results are similar. It can be seen that this simple
simulation is in good agreement with the experimental results. The k value in Figure V.9
is assumed to be an average value of the nonlinear phase shift parameter. The output light
pulses with a pulse duration of about 2.5 ps were much broadened than the input light
pulse duration which were 100 fs. This is due to strong GVD effect in the fiber. It seems

that GVD does not directly affect NPT.

The output pulse temporal profiles for femtosecond input light pulses at the
vertical direction also have been measured for different pulse intensities. The curve as
shown in Figure V.10(a) is the measured pulse temporal profile at pulse energy of 30 nJ
by setting the rotator at 459 to horizontal direction. Figure V.10(b) displays the temporal
profile of the horizontal component at the same pulse energy of 32 nJ to show the
differences of these two components. It is easy to understand that the superposition of
these two linearly polarized components will give the total output pulse shape. At the
pulse energy of 32 nJ, the superposition of the horizontal component as shown in Figure
V.10(b) and the vertical one as shown in Figure V.10(a) is displayed in Figure V.10(c). A
simulation using Gaussian pulse shape is shown in Figure V.11, Figure V.11(a) and
V.11(b) are the temporal profiles of the vertical and horizontal components, respectively.
Figure V.11(c) is the superposition of the two componeﬁts. This simulation is in good

agreement with measurement as shown in Figure V.10.
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The nonlinear polarization twisting has been observed for femtosecond laser
pulses traveling in a nonbirefringent single-mode optical fiber. Different temporal
profiles of the two polarization components of a laser light pulse output from a
nonbirefringent single-mode optical fiber have been observed. The theoretical model for

NPT is quantitatively in agreement with the experimental results.
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Figure V.9 Temporal profiles of horizontal component of the output pulses
for different nonlinear phase shift k for Gaussian pulses .

184



NORMALIZED INTENSITY

TIME (ps)

Figure V.10 (a), Output temporal profile of vertical component at the
pulse energy of 30 nJ; (b), Temporal profile of horizontal component at
the same pulse energy; (c), The superposition of vertical and
horizontal components of the output laser pulses. This is the total
output pulse shape.
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Figure V.11 Simulation of the two polarization components using
Gaussian shape pulses for k=1.8, (a), output temporal profile of
vertical component; (b), temporal profile of horizontal component; (c),
The superposition of vertical and horizontal components of the output
laser pulses. This is the total output pulse shape.
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Chapter VI
NONLINEAR VECTOR ROTATION AND DEPOLARIZATION OF
FEMTOSECOND LASER PULSES PROPAGATING IN NON-
BIREFRINGENT SINGLE-MODE OPTICAL FIBERS

VI. 1 Introduction

Nonlinear effects on the spectral, temporal, and polarization state of high intensity
light have been studied intensivelyl!-11l. Nonlinear polarization rotation was first
observed in liquids for high-intensity elliptically polarized light(6]. The change of the
polarization state of the output light was attributed to optically induced birefringence. In a
solid material, the nonlinear polarization rotation (ellipse rotation) was measured and the
results were used to calculate the values of the nonlinear susceptibility of glassl?). In
optical waveguides, nonlinear polarization coupling and instabilities has been
demonstrated(8] in a short single-mode liquid-cored birefringent fiber. It has also been
found that the nonlinear effect caused the polarization instabilityl®-11] in birefringent
single-mode glass fiber. Recently, the nonlinear depolarization of quasi-linearly (slightly
depolarized) polarized picosecond optical pulses propagating in short non-birefringeht

single-mode optical fibers has been observed(12],

In this chapter, the nonlinear polarization rotation and depolarization is measured
for quasi-linearly polarized (slightly depolarized) femtosecond laser pulses propagating in
short non-birefringent single-mode optical fibers. The nonlinear polarization rotation and
depolarization are attributed to the self-phase modulation (SPM) and cross-phase

modulation (XPM) in optical fibers. The experimental results for nonlinear polarization
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rotation and depolarization are in good agreement with the estimations using SPM and

XPM.
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V1. 2 Experimental Setup

The schematic diagram of the experimental setup is shown in Figure VI.1. A
Ti:Sapphire laser (Coherent Mira 900-B), operating at the wavelength of 780 nm, was
used in the experiment as the light source. The linearly polarized laser pulses had a
repetition rate of 76 MHz, duration of 120 fs, and spectral bandwidth of about 4 nm. The
mode-locked average output power was 1.5 W. The power fluctuation was less that 3%.
The laser pulse train was first launched into an optical isolator (Faraday Rotator) to avoid
any reflected light from being fed back to the laser cavity to disturb the mode-locking.
Femtosecond laser pulses were coupled into and out of an one-meter long non-
birefringent single-mode optical fiber with two 10X micro-objectives. The non-
birefringent, single-mode optical fiber (Newport Corp., model: FSV-10) had a core
diameter of 4 um and cladding thickness of 125 pm. The optical fiber was handled very
carefully to avoid any environmentally induced birefringence which could couple light
into different polarization mode at very low intensity. The output laser pulses from the
optical fiber were sent into a beam displacement prism which was mounted on a
rotational stage. This prism spatially separated the two perpendicular linearly polarized

components while kept them in the same propagating direction.

At different levels of input laser light power, each output light power of the two
linearly polarized components at two perpendicular directions was measured with a
power meter as shown in Figure VI.1. The output laser pulses from the optical fiber were
usually depolarized because of the high light intensity. Rotating the beam displacement
prism, the output powers of the two linearly polarized components depended on the
direction of the beam displacement prism. The output power of one component was at its
maximum while the other was at its minimum when the optical axis of the beam

displacement prism was parallel to the main direction of the polarization of the laser
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Figure V1.1 The experimental setup for measuring nonlinear polarization
rotation and depolarization; the displacement prism was mounted on a
rotational stage.
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pulses. This main polarization directions of the output laser pulses were measured for
different input laser light power. The angle of this main direction of polarization of the
output depolarized laser pulses was read out from the rotational stage with an angle
resolution of 20. When the main polarization direction was determined for the input laser
light power, the degree of polarization of the output laser pulses was calculated through
the power of the two perpendicular linearly polarized components reading from the power

meter.

The degree of polarization (p) at an angle of 6 was calculated using:

p= (Pmax — Pmin) / (Pmax + Pmin). (VLI1)

where Pmax and Ppyip are the maximum and minimum power of output laser pulses for a
given input pulse energy, respectively, and p is the degree of polarization. The measured
light power is an average power since the output from this Ti:Sapphire laser is pulse train.
The input laser pulse energy can be calculated using the measured input power and the
pulse repetition rate. The light intensity effects can be investigated through pulse energy

which corresponds to laser light intensity.

The input laser pulses were linearly polarized with an extinction ratio better than
105 before being coupled into the non-birefringent single-mode fiber. Due to coupling
into the fiber, the laser pulses became slightly depolarized. At low pulse energy, the
output laser pulses from the optical fiber were linearly polarized along the input
polarization. The degree of polarization of output pulses was typically between 0.97 and
0.84. When the pulse energy was slowly increased, the polarization direction of the

output pulses rotated and the degree of polarization decreased. Both the polarization
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angle and the degree of polarization at this angle were measured as a function of input

pulse energy.
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V1. 3 Experimental Results

The experimental results are displayed in Figures V1.2 and V1.3 as dot plots for
nonlinear polarization rotation and depolarization for two optical fibers, respectively.
Fiber 1 and 2 are two non-birefringent single-mode optical fibers of the same type with
the same length. Both the polarization rotation angle and the degree of polarization at this
rotation angle depend on pulse energy for quasi-linearly polarized input laser pulses. The
nonlinear polarization rotation angles were proportional to input pulse energy as shown in
Figure V1.2, The degree of polarization was decreased proportionally to input pulse
energy as shown in Figure VI.3. Furthermore, the output laser pulses have a nonlinear
rotation angle of 30° and a polarization ratio of 0.89 at pulse energy of 3.5 nJ for Fiber 2.
At the same pulse energy for Fiber 1, the nonlinear rotation angle is 100° and the
polarization ratio is 0.40. These changes in polarization state are not from thermal-effects.
This was teste.d by using continuous wave (CW) laser beam with the same power but
without mode-locking from the same laser. The intensity-dependent rotation and

depolarization effects disappeared for CW excitation.

It is interesting that the measured results are quite different for the two optical
fibers which cut from one and were of the same length. The salient features of the
nonlinear polarization rotation and depolarization for optical fibers 1 and 2 can be
explained using SPM apd XPM and the small depolarization ratio r at the fiber input
surface. In fact, they already have been used to explain the nonlinear polarization changes
and polarization twisting for picosecond optical pulses propagating in non-birefringent

single-mode optical fibersl12.13],
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Figure V1.2 The nonlinear polarization rotation for Fibers 1 and 2 as a
function of laser pulse energy. Data plot is the experimental results. The

solid lines are the least-square fittings.
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Figure V1.3 The nonlinear depolarization for Fibers 1 and 2 as a function of
laser pulse energy. Experimental results are displayed as dots. The solid
lines are the least-square fittings.
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VI. 4 Discussions

As shown in chapters II, IV, and V, light can be treated as a superposition of two
opposite circularly polarized components. From the nonlinear wave equations between
two circularly polarized optical waves[12,13], the nonlinear processes are pure phase
modulation such as SPM and XPM. There is no energy coupling between these two
optical waves which means that the amplitudes of the two optical waves are stable. This
is different with the nonlinear processes between two linearly polarized optical waves
where the degenerate-four-wave-mixing (DFWM) is important(14], DFWM will cause the
energy transfer in the two optical waves and so the amplitudes are not stable. For a
perfect linearly polarized optical pulse, the amplitudes and phase of the two circularly
polarized components are equal. These components will remain equal as they propagate
down in the fiber and will have exactly same phase modulations (SPM and XPM).
Therefore, the two circular components will have the same phase change throughout the
propagation. At the output of the fiber the superposition of the two circularly polarized
components will give exactly the same polarization state as that at the input. This perfect

linear polarization would not intensity-dependently rotate and depolarize.

Under the real experimental conditions, the linear polarization of the input laser
pulses is not perfect. This was also discussed in chapter IV and V. Many surfaces of
optical devices such as mirror, lens, and filters will affect the polarization state of input
optical pulses. The most important is the coupling surface of the optical fiber which had
an irregular shape after the fiber cut. The linearly polarized incident light is scattered
between the two perpendicular linearly polarized modes. As a result, the incident light is
slightly depolarized. This effect is true because there always was a small background in
the perpendicular polarizing mode at very low input energy in which the nonlinear effects

was absent. As displayed in Figure VI.3, the linearly polarized laser pulses became
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slightly depolarized with an extinction ratio between 50 (p=0.96) and 13 (p=0.85) at low
pulse energy after the Fibers 1 and 2, respectively. In this case, the magnitudes of its two
circularly polarized components become unequal. Their amplitudes are still stable but the
amount of SPM and XPM are not equal. From this effect, there will be a phase shift
between the two circularly polarized components after the optical pulse propagated
through an optical fiber{12), This nonlinear phase shift will cause the polarization

direction of output optical pulse to rotate.

The superposition of two circularly polarized components with nearly equal
amplitudes is always a quasi-linearly polarized state no matter what the phase difference

is. For a phase difference A, the linear polarization will rotate with an angle of Aa/2

which can be expressed as!!2]
A0/ 2 o< n,IWT, (VI.2)

where n3 is the nonlinear refractive index, I is the input pulse intensity, and r =1, /I
is the depolarization ratio of the input laser pulse at very low intensity for a given fiber.
The phase difference is proportional to the pulse intensityl!2]. This can explain the
nonlinear polarization rotation. The nonlinear depolarization is attributed to the pulse
shape; that is, within the pulse envelope, the different intensity in different local time.
The linear polarization direction will change at different local time to develop
polarization twisted pulses(!3] as depicted in Figure V1.4. Figure V1.4(a) displays a
linearly polarized (in x-t plane) laser pulse coupled into the optical fiber. After
propagating in the fiber, this laser pulse becomes temporally broadened. The polarization
direction of the central region of the pulse first rotates as shown in Figure V1.4(b). In
Figure VI1.4(c), the central region of the pulse completely rotates at the perpendicular

direction (y-t plane) of the initial polarization when the pulse propagates further in the
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(b)

(c)

Figure V1.4 The three dimensional schematic diagram of the nonlinear
polarization rotation. (a), input linearly polarized (in x-t plane) laser pulse; (b),
the polarization direction of the central part of the pulse first shows polarization
rotation after propagating a distance inside the fiber; (c), the polarization
rotates to the perpendicular direction when the pulse propagates further in the
fiber. The polarization rotation depends on the instant intensity in the pulse
profile. Although the pulse remain linearly polarized everywhere, the overall
effect is a depolarization.
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fiber. Although this pulse remains linearly polarized in propagation, the polarization at
different time is at different direction. The observed optical pulse is overall depolarized.
The measured polarization rotation is an overall effect of the rotation within the laser
pulse profile. The solid lines in Figures VI.2 and VL3 are the linear fitting of the
experimental results to the input pulse energies using least-square method. These fits are

in good agreement with the experimental results.

The nonlinear vector rotation and depolarization are quite different for the same
kinds of Fibers 1 and 2. The rotation in Fiber 1 is about three times larger than that of
Fiber 2 as shown in Figure VI.2. The degree of polarization of Fiber 1 is much lower than
that of Fiber 2 as shown in Figure VI1.3. This observation arises from the small but
different depolarizing ratio at very low pulse energy. The depolarizing ratio r which is
0.02 (degree of polarization 0.96) of Fiber 2 at low pulse energy is much smaller than that
of Fiber 1 which is 0.081 (degree of polarization 0.85) as shown in Fig. 3. The difference
of the amplitudes of the two circularly polarized components for the laser pulses for Fiber
2 is smaller than that for Fiber 1. The smaller amplitude difference will introduce a
smaller nonlinear phase shift at the same pulse energy. This means there will be a larger
vector rotation and a lower degree of polarization for Fiber 1 than those for Fiber 2.
According to Eq. (V1.2) and r, the nonlinear polarization rotation angle is about twice as
larger for Fiber 1 than that for Fiber 2. This estimation is near the measurement result

which is about 3 times larger as shown in Figure VI. 2.

In conclusion, the nonlinear vector rotation and depolarization have been
measured for femtosecond laser pulses propagating in non-birefringent single-mode
optical fibers. The change of the small depolarization ratio at the fiber surface can lead to
different effects. Significant rotation angles (up to 150°) have been measured for weak

input laser pulses with pulse energy as small as § nJ. This experiment demonstrates that a
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small linear depolarization ratio at low pulse energy is important to the rotating and
depolarizing processes of the quasi-linearly polarized optical pulses propagating in

single-mode non-birefringent optical fibers.
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Chapter VII
PICOSECOND AND FEMTOSECOND LASER PULSES
DEGENERATE-CROSS-PHASE MODULATION (DXPM) IN
OPTICAL FIBERS

VII.1 Introduction

When a number of ultrashort laser pulses propagate in a nonlinear medium, an
intensity-dependent index is induced in the materiall!l, This refractive index change
imposes a phase modulation that causes spectral broadening of the propagating pulses(2-
7). When the phase modulation happens to the laser pulse itself, the process is called self-
phase-modulation (SPM)I2]. When the phase modulation occurs in the co-propagating
pulses, the process is called cross-phase-modulation (XPM)I8-11], The theoretical
understanding and potential applications of SPM and XPM using optical fibers have
stimulated great interest among many researchers. For example, the spectral broadening
due to SPM and XPM processes in optical fibers has been used in pulse compression to
produce ultrashort laser pulses(12]. XPM processes have already been observed using two
optical pulses having the same polarization with different wavelengths[!0-11] or having
the same wavelength but different polarization states{13], The latter process is called

degenerate-cross-phase-modulation (DXPM).

XPM processes have been conventionally observed using two separated laser light
pulses propagating in optical fibers. Theoretically, XPM could occur between any light
pulse having different wavelengths or different polarization states. One can transfer light
wavelength from one spectral region to another. This tuning range can be from UV to IR,
maybe even extend to X-ray region. For a single optical pulse, DXPM process should

occur between the light at different polarization modes of an optical pulse. When these
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polarization modes are not stable, meaning that the polarization modes will transfer
energy from each other during the light propagation. At the output optical signal, the
spectra of the light at different polarization mode will mix up. In this case, there is no
well defined DXPM process recognized from the output spectra of the light at different
polarization states. However, when the polarization modes are stable, they will not
exchange energy. The light of each polarization component remains at the initial input
polarization state without change during the light propagation. The DXPM process
should be observable from the spectra of the light with different polarization modes.
Therefore, the polarization stability of light propagating in an optical fiber is an important
criterion for the observation of the single pulse DXPM, especially for an intense light

pulse.

To describe the polarization state of light propagation in optical fibers, either two
perpendicularly linearly polarized unit vectors or two opposite rotating circularly
polarized unit vectors (right-handed and left-handed) can be used as the polﬁrization
eigenmodes!!4]. The polarization state of a single optical pulse can be described by the
superposition of two orthogonal polarization components. The amplitudes and phases of
the components depend on the different types of eigenmodes. For example, an elliptically
' polarized light with eccentricity ~0O(almost circularly polarized) can be treated as two
linearly polarized states with a phase difference of nt/2 and almost the same amplitudes,
or it can be equivalently expressed as two circular components with zero phase difference
with a large disparity of amplitudes. In principal, the two polarization components of a
pulse can act as two laser pulses with phase and amplitude differences(!5]. The DXPM
process between two polarization components in a single laser pulse should occur and be

observable if the two polarization states are stable in optical fibers.



Our experimental investigations of the polarization stability of intense laser light
pulses in chapter IV suggest that the circular polarization mode in a non-birefringent
single-mode optical fiber is stable. It has been found that the circular polarization state of
a laser pulse was insensitive to its intensity, whereas a linearly polarized laser pulse was
dramatically depolarized at higher laser intensityl!6], Therefore, circularly polarized laser
pulses should be used if maintaining the polarization states is desirable. This criterion is
true for polarization sensitive processes such as DXPM, XPM, SPM and SRS. For a
single light pulse propagating in a nonbirefringent single-mode optical fiber, the DXPM
process for the two circularly polarized components should be detectable. For the same
reason, since two linear polarization modes are the stable polarization states of light in a
birefringent single-mode optical fiber, the DXPM process is active for the two linearly

polarized components of single light pulses and should also be detectable.

In this chapter, degenerate-cross-phase modulation (DXPM) has been observed
for a single picosecond and femtosecond laser light pulses propagating through short
single-mode optical fibers, respectively. Birefringent and non-birefringent single-mode
optical fibers were used in the experiments for observing the spectra of the two linearly
and circularly polarized components, respectively. The spectral broadening of the two
output polarization components of a single laser light pulse was attributed to self-phase
modulation (SPM) and degenerate-cross-phase modulation (DXPM) processes under
different polarization bases for the single-mode optical fibers with different birefringence.
The DXPM of two circularly polarized laser light pulses with different optical delay and
pulse energy has also been observed in a nonbirefringent single-mode optical fiber. In a
multi-mode optical fiber, the DXPM between different fiber modes has been investigated
for different laser light pulse energy. Theoretical simulations for the DXPM of
picosecond and femtosecond laser light pulses has made for various experimental

configurations. The calculated results are in good agreement with the measured results.
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VIL.2 DXPM of single picosecond light pulse in a nonbirefringent single-mode
optical fiber

VIL.2.1 Experimental Method

The experimental arrangement of the single-pulse DXPM is shown in Figure
VIL1. A 30 ps laser pulse at 532 nm from a Nd: YAG laser was used. The single-mode,
non-birefringent optical fiber(Newport Corp. FSA-10 model) has a core diameter of 2.5
pum and cladding thickness of 125 pm. After the polarizer P, the laser pulse was linearly
polarized to a ratio better than 400 to 1. Then, the elliptically polarized laser pulse was
obtained by adjusting the relative angle of the optic axes between the quarter wave plate
QWP and the polarizer P. When this angle was 459, a circularly polarized laser pulse
was produced. The intensities of the two circular polarization components of the single
elliptical laser pulse were set with a ratio of 100 to 1. The intense component acted as a

pump pulse while the weak one acted as a probe pulse.

The elliptically polarized laser pulse was coupled into and out of a 1-meter single-
mode, non-birefringent optical fiber with 5X microscope objectives. Two circularly
polarized components co-propagated through the optical fiber and each one remained in
its own polarization state without any exchange of energy. After the second quarter wave
plate QWP2, these two components were converted into two perpendicular linearly
polarized ones. Finally, a polarizing prism BDP was used to separate the two linear
polarization components. They were separated while propagating in the same direction.
The spectral analysis system with a resolution of 0.02 nm was a 1-meter spectrometer
coupled to a CCD camera. In the experiment, the two laser pulse components were sent

into the spectrometer at different positions of the slit where the spectra of two
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- Figure VIl.1 Experimental set-up: P is polarizer, QWP's are quarter wave
plates, L's are microscope objective lens, BDP is a beam displacing
prism, S is slit of spectrometer.
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Figure VII.2 The normalized input laser light spectrum from a Nd: YAG
laser system with a bandwidth (FWHM) of less than 0.03 nm.
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perpendicularly polarized components can be measured simultaneously. The detection
area of the CCD camera was large enough to record the spectra of the two components of
the output laser pulse at the same time. The input laser light spectrum with a full-width-

half-maximum (FWHM) bandwidth less than 0.03 nm is shown in Figure VII.2.
VII.2.2 Results

The spectra of the two output circularly polarized components of a single 35 ps
laser light pulse at the wavelength of 532 nm were measured for different coupled pulse
energies. Figure VII.3 shows the normalized spectra at an input pulse energy of 30 nlJ.
Figure VIIL.3(a) is the output spectrum of the pump component while Figure VIL3(b) is
the spectrum of the probe. The spectrum of the pump is attributed to the typical SPM
process. Its total width is narrower than that of the probe. Because of a much lower
intensity, the spectrum of the probe will not show significant broadening from its own
SPM process. The spectral broadening of the probe component was attributed to the XPM

process produced by the pump and the interference between the probe and the pump.
VII1.2.3 Explanation and Discussion

The difference of the observed spectral broadening in the two polarization
components of a single elliptical laser pulse can be explained with SPM and XPM

theory. The total electric field of an elliptically polarized laser pulse can be written as:

- - . - .
E= €R+ EL= -!-{eR Apnz0e @k e Al (rz0e! @K} +cc, (VIL1)
2 R L

- - L= - - -
where er =(ex—iey)/ V2 and eL = (e, +iey)/ 2 are the right-handed and

Y
left-handed unit vectors, respectively. Er(v) and Ag(L) are the electrical fields and
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Figure VII.3 The measured spectra of single 30 nJ elliptically polarized
laser pulses with a duration of 30 ps propagating in a 1-meter
non-birefringent single-mode optical fiber. The intensity ratio of the pump
component to the probe was 100 to 1. (a) and (b) correspond to the spectra
of pump and probe components, respectively.
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amplitudes of right-handed (left-handed) circular components. Applying the slowly
varying envelope approximation in Maxwell's equations, the nonlinear wave equations

describing light propagation in the optical fibers are:

OAp , 1 OAp i, oOAp _.om 2, 0. 4, o

+ +—k® =IAgF+=1A F)Ag, VIL.2
oz vy ot 2**3(2 1= GlARP+31ALD)A (VIL.22)
A, 1 0A, J*A  on 4. 5

. 4 +— k'" L=j—2 lA P+=1Ag)A VIL.2b
oz VgL ot 2 L atz L 3 R ) - ( . )

where VeR , and Vel are the group velocity for right-handed and left-handed components,
respectively; k(2)'s are the group- velocity dispersion(GVD), and ny=3x(3)/8n is the
nonlinear refractive index of the optical fiber. Because the optical fiber was not optically
active, right-handed and left-handed components have the same group velocity i.e. VeR =

VoL,

Degenerate-four-wave-mixing terms do not exist in the nonlinear coupling
equations of the right- and left-handed circularly polarized optical pulses as shown in
Egs.(VIL.2). Here, two circular eigenmodes were chosen to describe the polarization state
of light and the spectra of the circular polarization components were measured. Third

order nonlinear processes affect the phase of the laser pulses and does not cause

 amplitude or energy exchange between the two orthogonal circular polarization states.

This result is in agreement with the investigation of Sylla et al [17] for cubic crystal

displaying optical activity.
The theoretical simulation was calculated using Eqs.(VIIL.2). To compare the

theoretical calculation with the experimental results, the pump intensity was adjusted to

the level where the pump to probe ratio was 100 to 1. Figure VIL.4(a) and 4(b) show the
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calculated spectra of the pump and probe components at laser pulse energy of 30 nJ. The
spectral broadening of the probe is caused by the XPM process of the two components.
The SPM process of the pump dominates its own spectrum. There is good agreement
between the experimental results and theoretical calculation for the spectrum of the pump
component, as shown in Figure VII1.3(a) and 4(a). The slight difference is attributed to the
limited resolution of our spectral measurement system. The calculated probe spectrum in
Figure VIL.4(b) show a broader spectrum similar to the measured spectrum displayed in
Figure VIIL.3(b). The theoretical profile qualitatively reproduces the probe spectrum off
the central region, but fails to fit the spectrum in the central region. The difference in the
middle spectral region is believed to arise from the interference between the probe
component and a small pump component that has leaked into the probe polarization
direction. Assuming that 0.5 percent of the pump component is coupled into the probe's
polarization direction, the calculated spectral profile shown in Figure VIL4(c) appears
more like the experimental profile. For an ideal condition, the polarizing prism would
completely separate the two polarization' components, and no interference should occur.
Experimentally, any small misalignment of the polarizing prism or the light scattering
from a defect, or a twist in the optical fiber will leak some portion of the pump
component into the probe component. The leakége of the pump field will interfere with
the probe field and affect the observed probe spectrum. In Figure VIL.4(c), the probe
spectral distribution considering 0.5% leakage from the pump into probe's polarization

direction is in good agreement with the experimental result displayed in Figure VIL.3(b).

The DXPM of two orthogonal polarization components has been measured for a
single ultrashort optical pulse propagating in a 1-meter non-birefringent single-mode
optical fiber. The interference between SPM and DXPM was observed in the probe

spectrum. The experimental results are in a good agreement with the theory. For a single

212



[ (a)
x|
(7)) v
luz_.u '_ (b)
< )
(m]
=
N
N
=
= i (c)
2 i |

5315 532 5325

WAVELENGTH (A)

Figure VII.4 The theoretical calculation of SPM and DXPM spectra for a single

elliptically polarized laser pulse at the same pulse energy of 30 nJ, no=1.3 X

106 cm 2 /w, the fiber length is 1 m, fiber core diameter is 4.0 mm. The
intensity ratio of pump to probe is 100 to 1. (a) and (b) are the spectra of
pump and probe, respectively. (c) is the spectrum considering interference
between the probe and a small portion ( 0.5%) of the pump.
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pulse propagating in optical fibers, self-phase-modulation is not the only source for

spectral broadening, degenerate-cross-phase-modulation should also be considered.
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VII.3 DXPM of femtosecond laser pulses in a birefringent single-mode optical fiber

VI1.3.1 Introduction

Degenerate cross-phase modulation (DXPM) using circularly polarized light
pulses has been observed in a non-birefringent single-mode optical fiber which
maintained the circular polarization states. In a birefringent single-mode optical fiber,
linear polarization states are stable. Therefore, the DXPM process for linearly polarized
laser light pulses in the birefringent single-mode optical fiber should be detectable. This
experiment is going to report a new observation of DXPM using linearly polarized

femtosecond light pulses propagating in a birefringent single-mode fiber.

VII1.3.1 Experimental setup

The schematic diagram of the experiment is shown in Figure VIL.S. A Titanium:
Sapphire laser (Model: Coherent Mira 900-B), operating at the wavelength of 780 nm,
was used in the measurement. The laser light pulse train which had a repetition rate of 76
MHz was generated with a pulse duration of 120 fs and spectral bandwidth of about 5
nm. The average output light power of this laser is 1.4 W, corresponding to the laser light
pulse energy of 18 nJ. The power fluctuation of this laser is less than 2%. The output
laser light pulse train was first launched past an optical isolator (Faraday Rotator) to
avoid the reflecting light from the surface of the following optical components back to
laser cavity to disturb the mode-locking. The duration of laser pulses was 230 fs after the
optical isolator because of group-velocity dispersion. The spectrum of input laser pulse

had a bandwidth of 5 nm as shown in the insert of Figure VIL6.
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Figure VII.5 Experimental set-up: P is a polarizer, L's are microscope
objective lens, a polarizing displacement prism is used to separate two
linearly polarized components; the spectral analysis system has a
resolution of 1.5 nm with a dispersion of 0.24 nm/pixel.
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Figure VII.6 The normalized incident laser light spectrum from a Ti:sapphire
laser system with a FWHM bandwidth of 5 nm.
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A calcite crystal polarizer was used to make the laser beam linearly polarized with
a ratio better than 105. The 230 femtosecond laser pulses were then coupled into and out
of an one-meter-length birefringent single-mode optical fiber with two 10X micro-
objective lens. The birefringent (polarization-preserving) single-mode optical fiber
(Newport Corp. FSPV-10 model) had a core diameter of 2.6 pum and a cladding thickness
of 125 pm. The output laser pulses from the optical fibers passed a polarizing
displacement prism. The polarizing displacement prism spatially separated the two
perpendicularly linearly polarized components. The spectra of the two linearly polarized
components were measured with a spectral analysis system. The spectral measuring
system consisted of a spectrometer and a computer controlled charge-coupled-device
(CCD) camera. Both polarization components were measured simultaneously by placing
the images of beams at different position of slit as shown in Figure VIIL.5. The images
were localized on different positions of CCD camera for wavelength display. The

resolution of this system is 1.5 nm with a dispersion of 0.24 nm per pixel.

A polarization-preserving (birefringent) single-mode optical fiber was used in the
experiment. Linearly polarized laser pulses were first coupled along one of the optical
axis of the optical fiber. The output laser pulses at the fiber exit were preserved to be
linearly polarized. The polarizing displacement prism was aligned parallel to the output
linear polarization. Hence, there was only one linearly polarized component after the
polarizing displacement prism. By rotating the optical fiber with a small angle (6°), laser
light was also coupled into the perpendicularly linearly polarized mode. The intensities of
the two linearly polarized components were adjusted to the ratio of 20. The intense
component (I) is considered as the pump light, and the weak one (L) is the probe light.

DXPM is recognized by the spectral broadening of the weak probe component.

VIL.3.2 Results
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The spectra of the two linearly polarized components of femtosecond laser pulses
propagating through a birefringent single-mode optical fiber were observed at different
input laser light pulse energies (intensities). The measured results of the spectra of the
two linearly polarized components for a single pulse are shown in Figure VIL.7 for input
laser light pulse energies of 0.5 nJ, 1.8 nJ, and 3.9 nJ. The right and left columns of
Figure VIL7 are the normalized spectra of the pump (parallel) and probe (perpendicular)
components, respectively. The spectra of pump component in Figure VIL.7(ay), (b)), and
(ci)) were broadened symmetrically with bandwidths of 10 nm, 25 nm, and 45 nm at the
central wavelength 780 nm, respectively. This intensity-induced spectral broadening was

attributed to SPM process of the pump component itself.

The spectra of the probe(.L) component as shown in Figure VII.7(al), (b1), and
(c.L) have two peaks. One is at the incident central wavelength of 780 nm, the other was
shifted to anti-Stokes side at 777, 770, and 763 nm for pulse energies of 0.5 nJ, 1.8 nJ,
and 3.9 nJ, respectively. The intensity of the probe(.Ll) component was too weak to
introduce any significant spectral broadening itself through SPM. On the other hand, this
asymmetrical spectral broadening could not be possibly caused by SPM which always
induces symmetrical spectral broadening. This nonlinear asymmetrical spectral
broadening of the probe( L) component which is introduced by the pump(ll) component is

attributed to the DXPM process.

VIL.3.3 Theoretical Fitting

The different characteristics of the measured spectra for the two perpendicular

linearly polarized components of single femtosecond laser light pulses in a birefringent

single-mode fiber can be explained with DXPM and SPM theories with considering the
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Figure VIl.7 The measured spectra of linearly polarized femtosecond laser light
pulse propagating in a 1-m-length birefringent single-mode optical fiber. The
intensity ratio of the pump(!l ) component to the probe(.) component was 20.
Right and left columns are the spectra of pump and probe components,
respectively. (al ), (bi ), and (ci ) are the pump component spectra for pulse
energies of 0.5 nJ, 1.8 nJ, and 3.9 nJ, respectively. (a,), (by), and (c,) are the
corresponding spectra of probe component at the same pulse energies.
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polarization properties of the light in optical fibers. In a birefringent fiber, two
perpendicular linear polarization are the stable propagation eigen-modes. Hence, linear

polarization bases should be used.

Since the laser light pulse had a repetition rate of 76 MHz which is much larger
than the response of the shutter of CCD camera, the measured spectral profiles are the
overlap of multiple pulses. At this pulse repetition rate and short length of the fiber, there
is no inter-pulse interaction. The spectral broadening profiles arise from the two
polarization component of a single-pulse. The electric field envelope of a single linearly
polarized laser can be expressed as a superposition of the two linearly polarized
components with amplitude envelopes of Ax(z,t) and Ay(zt), respectively. Using the
slowly varying envelope approximation, the coupled nonlinear wave equations that

govern the two polarization components can be obtained as!!],

an 1 an i )azAx=iwxn2

+— +=k¢
Jz Vex ot 2 at? C

x [(ALF+ %IAylz)Ax + %Ayz Ax exp(—i2Akz)], (VIL3a)
dA, 1 dA, i, ,3°A, .0yn

+'—'—-+—k(2) L =2
dz vy Ot 27 Jt c

x [(AF+ %IA,IZ) A+ %sz A, exp(i2Akz)], (VIL3b)

where Vgx and Vg are the group velocities for light polarized along the x axis and y axis,
respectively; k(2) is the group-velocity dispersion (GVD), n3 is the nonlinear refractive

index, and Ak=kx-Ky is the propagation constant mismatch between the two orthogonal
linear polarization eigen-modes. The first two terms in the right-handed side of Egs.

(VIL3) are the SPM and DXPM which will modulate the phase of the propagating pulses.
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The third terms in the equations are the degenerate four-wave mixing (DFWM) terms,

which modulated the amplitude as well as the phase of the propagating light pulse.

The observed spectra of different polarization components of a single laser pulse
can be explained using Eqgs. (VIL.3). After a single linearly polarized laser light pulse was
coupled into the birefringent optical fiber, the two linearly polarized components
propagated like two laser pulses. A key term which will affect the output laser light
spectrum caused by DXPM is the walk-off distance between two polarization
components. The walk-off distance defined as Lw=To/ (1/Vgx = 1/Vgy) is 0.2 m at pulse
duration of 230 fs. This means after a light pulse propagates such a distance in the fiber,
two linear polarization modes will not spatially overlap. Therefore, no DXPM can occur
afterwards. In the experiment, the intense component (pump) was coupled in the fast
opto-axis of the fiber. The probe component which was coupled in the slow opto-axis
sees only the trailing part of the pump. The phase of the probe component was then
modulated by the induced index change caused by the tailing edge of the pump
component, the spectrum of the probe component was shifted to the anti-Stokes (blue
shifted) side only. This is shown in the left-handed column of Figure VIL7. In equation
(VIL3), the coefficient of XPM which is 2/3 is two-third of SPM which is 1. The spectral
broadening of DXPM should be 2/3 of SPM. As the result of walk-off effect, the spectral
broadening of XPM which are 3 nm, 10 nm, and 17 nm are less than 2/3 of SPM
broadening which are 10 nm, 25 nm, and 45 nm ( anti-Stokes side only) as shown in
Figure VIL7 for pulse energies of 0.5 nJ, 1.8 nJ, and 3.9 nJ, respectively. After a laser
light pulse propagated the walk-off distance, the DXPM process vanished since the two
polarization components did not overlap. The SPM process still occurred to cause more

broadening in the pump component spectra.
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The strength of the DFWM process depends on the phase matching between the
two orthogonal linear polarization modes characterized by the beat length Lg=2m/(lkx-
kyl). When L, the length of the optical fiber, satisfies L>>Lp, the contribution of the
DFWM terms in equations (VIL.3) can be neglected. This is true for this 1-m-length

birefringent fiber with a typical beat-length of Lp=2 mm.

Another effect in pulse propagation is GVD. Because the optical fiber has a
dispersion of 300 ps/(nm.km) at the central wavelength of 780 nm, GVD must be
accounted. The pulse intensity was decreased dramatically in the propagation of the

femtosecond laser pulse.

As collaboration with us, G. P. Agrawal et al. have simulated the DXPM spectra
c;f femtosecond laser light pulses propagating in the birefringent optical fiber. Figure
VII.8 shows the numerical calculation of the spectral broadening of single laser light
pulses propagating through a birefringent single-mode optical fiber. The simulation used
Eqgs. (VIL3) with the last term (DFWM) dropped. The same fiber length was used in the
calculation. The GVD parameter k(2), wave vector mismatch Ak, nonlinear refractive
index ny, and chirp of light pulse are 35 ps2/km, 1.2 ps/m, 3.2x10-20m2/W, and 0.5,
respectively. Qualitative agreement with the experiment can be seen as shown in Figure
VII.8. The spectra of probe and pump components at low input light power (0.5 nJ) show
the less agreement with the experiment. We believe that this may be due to an
overestimate of the chirp(!] of light pulses combined with the fact that we used a
parabolic chirp while the exact chirp profile is unknown. The spectral broadening at high

input light power (3.9 nJ) in the simulation is in good agreement with the experiment.

In this section, DXPM process has been observed for the single femtosecond laser

light pulses propagating in a birefringent single-mode optical fiber. The difference of the
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spectral broadening of the two output polarization components of a single laser light
pulse was attributed to self-phase modulation (SPM) and degenerate-cross-phase
modulation (DXPM) processes in the optical fiber. Theoretical fittings of the spectral
profiles are in reasonable agreement with the measured results. Walk-off, GVD, and chirp
effects of the two polarization components are important in the femtosecond pulse

propagation.
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Figure VII.8 The theoretical simulation of the spectra of linearly polarized
femtosecond laser light pulses propagating in a 1-m-length birefringent
single-mode optical fiber. The intensity ratio of the pump(ll ) component to the
probe(L) component was 20. Fiber length L=1 m. The GVD parameter K?, wave
vector mismatch Ak, nonlinear refractive index nz, and chirp of light pulse are 35
ps2/km, 1.2 ps/m, 3.2x102°m2 /W, and 0.5, respectively. Right and left columns
are the spectra of probe and pump components, respectively.

(G. P. Agrawal et al)
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VI1.4 DXPM of circularly polarized femtosecond light pulses in a non-birefringent

single-mode optical fiber

VI1.4.1 Experimental Method

The experimental setup is shown in Figure VIL9. A Titanium: Sapphire laser
(Coherent Mira Model: 900-B), operating at wavelength 780 nm, was used in the
experiment. The modelocked laser light pulse train which had a repetition rate of 76 MHz
was generated with a pulse duration of 120 fs and spectral bandwidth of about 5 nm. The
modelocked output laser light of this laser had an average power of 1.4 W, corresponding
18 nJ per laser light pulse. The power fluctuation is less than 2%. The output laser pulse
train was first launched to pass an optical isolator (Faraday Rotator) to avoid the
reflecting light from the surface of the following optical devices back to laser cavity to
disturb the mode-locking state. The duration of laser pulses was 230 fs after the optical
isolator because of group-velocity dispersion. A calcite crystal polarizer was used to

make the laser beam linearly polarized with a ratio better than 105,

A quarter-wave plate (QWP1) was used after the polarizer. The optical axis of the
quarter-wave plate was first set 45° to the optical axis of the polarizer, P. The optical
pulses became circularly polarized after passing the quarter-wave plate. By rotating the
quarter-wave plate with a small angle (~6°), the circularly polarized optical pulses were
converted into slightly elliptically polarized (almost circularly polarized) light pulses.
These slightly circularly polarized laser light pulses had two opposite rotating circularly

polarized components.
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Figure VII.9 Experimental set-up: P is polarizer, QWP's are quarter wave
plates, L's are microscope objective lens, a beam displacing prism to separate
two circularly polarized components; the spectral analysis system has
resolution of 1.5 nm with a dispersion of 0.24 nm/pixel.
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The 230 femtosecond slightly circularly polarized laser light pulses were coupled
into and out of an one-meter-length nonbirefringent single-mode optical fiber with two
10X micro-objective lens. The optical fiber (Newport Corp. FSV-10 model) had a core
diameter of 4 um and a cladding thickness of 125 pum. This fiber supported a single mode
at the wavelength of 780 nm. The regular fiber had a symmetrical circular cross section
without any fabricated birefringence. There could be some random micro-birefringence
formed inside the fiber. The beat length of this kind of birefringence is much long than
the length used in the experiment (1 m). Therefore, the fiber can be treated as
nonbirefringent. The output laser pulses from the optical fibers passed a second quarter-
wave plate (QWP2) and then a polarizing displacement prism. The optical axis of QWP2
was set parallel to that of the displacement prism. So the circular polarizations were
transferred into two perpendicular linear ones and they were spatially separated by the
polarizing displacement prism. The ratio of the intensities of the two circularly polarized
components was adjusted to 20. The intense component was the pump light while the
weak component was the probe light. Then, the spectra of the two linearly polarized
components were measured with a spectral analysis system. The spectral measuring
system consisted of a spectrometer and a computer controlled charge-coupled-device
(CCD) camera. The resolution of this system is 1.5 nm with a dispersion of 0.24 nm per
pixel. The spectrum of input laser light pul.se has a bandwidth of 5 nm has been shown in

Figure VIL6.
VIL.4.2 Results

The spectra of the two opposite rotating circularly polarized components have
been measured for various incident light pulse energy for the 1-m-length nonbirefringent

single-mode fiber. The normalized spectra are displayed in Figure VII.10(a), (b), and (c)
for the input laser light energy of 0.5 nJ, 1.8 nJ, and 3.9 nlJ, respectively. The right and
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Figure VIL.10 The measured spectra of slightly depolarized circular light pulses
propagating in a 1-meter nonbirefringent single-mode optical fiber. The intensity
ratio of the pump(L) component to the probe(R) component was 20 to 1. Right
and left columns are the spectra of probe and pump components, respectively. (a,,
), (br), and (cL) are the pump component spectra for pulse energies of 0.5 nJ,
1.8 nJ, and 3.9 nJ, respectively. (ar ), (br), and (cr) are the corresponding
spectra of probe component at the same pulse energies.
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left columns of Figure VIL10 are the spectra of probe and pump components,
respectively. The spectra of the pump component in Figure VIL.10(at), (br), and (cL)
broadened symmetrically with bandwidths of 7 nm, 25 nm, and 45 nm at the central
wavelength 780 nm, respectively. This spectral broadening of the pump component is

induced by the SPM process of itself.

The spectra of the probe component as shown in Figure VIL.10(aR), (br), and (cr)
have two peaks. These peaks symmetrically broadened to Stoke and anti-Stokes sides of
the incident central wavelength of 780 nm. The interval of these two peaks are 8 nm, 38
nm, and 80 nm for input pulse energy of 0.5 nJ, 1.8 nlJ, and 3.9 nJ, respectively. The
intensity of the probe component was too weak to introduce any significant spectral
broadening itself through the SPM process. This spectral broadening of the minimum
component arise from the DXPM of the two circularly polarized components of the input

single laser light pulse.

VI1.4.3 Discussion

The laser light pulse had a repetition rate of 76 MHz which is much larger than
the response of the shutter of CCD camera, the measured spectral profiles are the overlap
of multiple pulses. At this pulse repetition rate and short length of the fiber, there is no
inter-pulse interaction. The spectral broadening profiles arise from the two polarizaticn
component of a single-pulse. Because of a small power fluctuation from one pulse to
another (less than 2%). These overlapped spectra of multiple pulses are the same with
those of a single light pulse. The measured spectral of the two circularly polarized
components of a single femtosecond laser pulse propagating in the nonbirefringent fiber
have different features. These differences can be explained with DXPM and SPM

theories with considering the polarization properties of the circularly polarized light in
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optical fibers. That is the circular polarization modes are the stable propagation mode of
light in a nonbirefringent fiberl!4), Therefore, circular polarization modes should be used.
The coupled nonlinear wave equations (VIL.2) can also be used to explain the observed

spectral broadening as shown in Figure VIL. 10

When the femtosecond laser light pulses were coupled into the nonbirefringent
single-mode fiber, the nonlinear interactions of two circularly polarized light pulses are
pure phase modulation processes including SPM and XPM without other adverse effect
such as degenerate-four-wave-mixing (DFWM) which will cause amplitude coupling
from each other. No energy exchange occurred between the two circularly polarized
components due to the nonlinear processes. Furthermore, there is no walk-off effect
between the two circularly polarized components since the optical fiber is not optical
active. The spectral broadening of DXPM at different pulse energies are about twice of
the SPM spectral broadening at different input light pulse energy in Figure VIL.10 as
expected from Egs. (VII.2) where the coefficient of DXPM (4/3) is twice larger than that
(2/3) of SPM. Another important effect in pulse propagation is GVD. Because the optical
fiber has a GVD of 300 ps/(nm.km) at the central wavelength of 780 nm, the intensity
was decreased dramatically in the propagation of the femtosecond laser pulse. Since the
nonlinear processes of SPM and DXPM are proportional to the intensity of the light,
GVD will affect the both SPM and DXPM induced spectral broadening through
decreasing light intensity. The spectral broadening is less than that of light propagating in

a medium without GVD.

Using Egs. (VIIL.2), numerical simulations of the experimental results have been
made by G. P. Agrawal et al. in collaboration with us. The calculated spectra are shown
in Figure VIL.11 for the same conditions. Qualitative agreement with the experimental

results can be found. At low light pulse energy of 0.5 nJ as shown in Figure VII.11(a), the
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Figure VII.11 The theoretical simulation of the spectra of slight depolarized circular
femtosecond laser light pulse propagating in a 1-m-length nonbirefringent
single-mode optical fiber. The intensity ratio of the pump(L) component to the
probe(r) component was 20. Fiber length L=1 m. The GVD parameter K2), wave

vector mismatch Ak, nonlinear refractive index nz2, and chirp of light pulse are 35
ps2/km, 1.2 ps/m, 3.2x10"2°m?2/W, and 0.5, respectively. Right and left columns

are the spectra of probe and pump components, respectively.
(G. P. Agrawal et al)
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simulated spectra of the two components are broader than the measured results. This is
believed due to an overestimate of the chirpll] of light in the fiber. For middle pulse
energy of 1.8 nJ as shown in Figure VIL.11(b), the simulations of the spectral broadening
of the two circular components are in good agreement with the experimental results. At
high input pulse energy of 3.9 nJ displayed in Figure VII.11(c), the calculated spectra for
the two components are less broad the measured spectra. This may be due to the
nonlinear self-focus effect(!8] of light in the fiber which makes light more intense than it
looks like. The asymmetrical broadening structure of the probe component may be caused
by a slightly asymmetric of the input light pulse temporal profile while symmetrical

profile were assumed in the simulations.

In this section, DXPM processes have been observed for the femtosecond laser
pulses propagating in a birefringent single-mode optical fiber. Slightly elliptically
polarized (almost circular) light pulses were used to measure the spectra of the two
circularly polarized components. The experimental results are in reasonable agreement

with the theoretical simulations.
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VII1.5 Temporal DXPM of two circularly polarized 35 picosecond light pulses in a

nonbirefringent single-mode optical fiber
VILS.1 Introduction

In this section, two opposite rotating circularly polarized laser light pulses with
different time delays were coupled into a non-birefringent single-mode optical fiber to
observe the temporal DXPM effect. Two laser light pulses have the same wavelength,
pulse duration, and the same intensity. The spectral broadening of the two light pulses
was measured for different optical delays. The spectral broadening of the laser pulses also

has been measured as a function of the light intensity.
VIL5.2 Experimental Method

The experimental arrangement for observing the DXPM process of two circularly
polarized laser light pulses is shown in Figure VII.12. Laser pulses at the wavelength of
532 nm with a pulse duration of 35 ps from a Nd: YAG laser were used. After the
polarizer P1, the laser pulse was linearly polarized to- a ratio better than 400 to 1. Then,
the linearly polarized laser pulse passed through a polarfzing prism (P2). The optical axis
of the polarizer P1 was placed at 45° to the optical axis of the polarizing prism P2. The
incident laser light pulse was then splitted into two linearly polarized light pulses with
perpendicular polarization states (Pulse 1 and 2) and equal intensity. Lets see Pulse 1
first, Pulse 1 which was horizontally polarized passed through a quarter wave plates
(QWPI1) which was alignrﬁent at 459 to horizontal direction. Pulse 1 then became
circularly polarized. After certain optical delays and reflected by a mirror (M), Pulse 1

was bounced back and remained circularly polarized. Pulse 1 passed the quarter wave
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Figure VII.12 The experiemntal setup to observe the degenerate
cross-phase modulation of two circularly polarized light pulses propagating
in nonbirefringent single-mode optical fiber. M: mirror; P1: polarizer; P2:
polarizing prism; QWP's: quarter-wave plate; L's: micro-objective lens; BDP:
beam displacement prism; S: slit of the spectrometer.
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plate (QWP1) again and became linearly polarized at vertical direction. When Pulse 1
propagated back to the polarizing prism P2, it passed through since its polarization has
changed from horizontal to vertical direction. Similarly, Pulse 2 was reflected by

polarizing prism P2 since its polarization changed from vertical to horizontal direction.

These two laser light pulses having different optical delays propagated in the
same direction. They were linearly polarized and had equal intensity. Their polarization
directions were perpendicular to each other. These linearly polarized laser light pulses
then passed through another quarter wave plate (QWP3) which the optical axis was at 45°

to the horizontal direction.

These laser light pulses became circularly polarized with opposite rotating
directions. These circularly polarized laser light pulses were coupled into and out of a

nonbirefringent single-mode optical fiber using two micro-objective lenses (L's).

Since the polarization states of circularly polarized‘ light are stable in
nonbirefringent single-mode optical fibers, the polarization states of the output light
signal from the optical fiber remained in the input circular polarizations. To distinguish
these two circular polarization states, another quarter wave plate (QWP4) was used to
transfer circular polarization modes into linear ones because the polarizing prism only
works for linear polarization states. The two perpendicular linear polarization after QWP4
corresponds the two opposite rotating circularly polarized modes in the optical fiber.
Then, the laser light pulses passed through a beam displacement prism (BDP). Two
perpendicularly linearly polarized modes were spatially separated. They were sent into a
spectrometer at different position of the slit. A computerized CCD camera system was
used to record the digitized spectra of the output light signals. The detection area of the

CCD camera was large enough to record the spectra of the two components of the output
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laser pulses at the same time. The spectral analysis system had a resolution of 0.03 nm
and a dispersion of 0.005 nm/pixel. The laser spectrum with a FWHM bandwidth less
than 0.03 nm is shown in Figure VIL.2.

The same non-birefringent single-mode optical fiber with that in section VIL.2
was used in this experiment. The optical fiber (Newport Corp. FSA-10 model) supports a
single-mode at the wavelength of 532 nm region with a core diameter of 2.5 um and

cladding thickness of 125 un.

VIL.5.3 Results

The spectra of the two output opposite rotating circularly polarized laser light
pulses at the wavelength of 532 nm have been measured for different coupled pulse
energies at a given optical delay. Figure VII.13 shows the photo displays of the DXPM
spectra from the CCD camera at the optical delay of 52 ps (Tq= t_-tr) for different input
laser light pulse energies. The left- and right-handed columns of Figure VII.13 are the
spectral photo displays of the left- and right-handed components, respectively. The input
laser light spectra for weak light pulse where nonlinear processes were absent were
shown in Figurc VII.13(a). The laser light spectrum was very narrow and focused to a
small spot in the CCD camera. Figure VIIL.13(b) shows the spectra of the two laser light
pulses at the same pulse energy of 5.8 nJ where the left- and right-handed light pulses
were blue- and red-shifted, respectively. Since the optical delay between the right- and
left-handed laser pulses was 52 ps (T4= tL-tr), meaning that right-handed pulse was in
front of the left-handed one, the left-handed laser pulse saw only the tailing part of the
right-handed laser pulse; and obviously, the right-handed pulse saw only the leading part
the left-handed pulse. By checking the XPM principle in Figure I1.9 of chapter II, one can

find that the left-handed laser pulse was blue-shifted and the right-handed pulse was red-
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Left-handed Component Right-handed Component

Figure VII.13 The photo displays of the spectral broadening of the two laser
light pulses at an optical delay of 52 ps (Tg=T_-Tr). The laser light pulse

duratrion was 35 ps. Two pulses had the same pulse energy. The energy of
each pulse is: (a) input light; (b) 5.8 nJ; (c) 7.3 nJ; (d) 12.0 nJ.
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shifted just like the measured results in Figure VII.13(b). Since two light pulses were at
the same pulse energy of 5.8 nJ, the spectral broadening of the two light pulses to anti-

Stokes and Stokes sides are about the same.

For the blue-shifted spectral broadening of the left-handed laser pulse in Figure
VII.13(b), a weak background on the red-shifted spectral broadening side can be seen in
the photo display. This weak background of red-shifted broadening was from the leakage
of the right-handed laser pulse. When a circularly polarized laser light pulse was coupled
into an optical fiber, many things such as a small misalignment of the polarizer and
quarter wave plate or the irregular fiber ending shape after the fiber cut will affect the
polarization state of the light. This effect will cause the light coupled to the opposite
rotating circularly polarized mode. In our experiment, 8% of the light was found to be
coupled into the opposite circularly polarized mode. This leakage of light from one
polarization mode to the other is responsible for the weak spectral broadening
background on the red-shifted side in Figure VII.13(b) for left-handed laser pulse. The
same process happened to the right-handed laser pulse, so a weak background on the
blue-shifted spectral broadening can be seen although the spectrum of the right-handed

pulse was red-shifted in Figure VII.13(b).

The DXPM spectral broadening for the laser light pulses at the pulse energies of
7.3 nJ and 12 nJ are shown in Figure VII.13(c) and (d), respectively. They have the
similar characteristics with those in Figure VII.13(b). From these spectral broadening,
one can find that the XPM induced spectral broadening at a given optical delay is
proportional to the light pulse energy. The higher the pulse energy, the broader the light
spectra. For light pulses with energy high enough, strong Stimulated Raman Scattering
(SRS) process will induce a very broad continuum spectrum overlapped with the XPM

broadening.
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Left-handed Pulses Right-handed Pulses

Figure VII.14 The photo displays of the spectral broadening of the two
circularly polarized laser light pulses with different optical delays. The laser
light pulse duration was 35 ps. Two pulses had the same pulse energy of
6.0 nd. The optical delay of the two light pulses (T4=T.-Tr) are: (a) input
laser light; (b) 40 ps; (c) 20s; (d) 0 ps; (e) -20 ps; (f) -40ps.
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The tempbral DXPM spectral broadening have also been measured for light
pulses having different optical delays but the same pulse energy. The pulse energies of
the left- and right-handed laser pulses were also equal to each other. The measured results
were shown in Figure VII.14 as photo display. The left- and right- column are for left-
and right-handed laser pulse, respectively. The energy of both left- and right-handed laser
pulses remained 6 nJ for all different optical delays. Figure VII.14(a) shows the spectra of
the input left- and right-handed pulses at very low pulse energy (<0.1 nJ). The spectrum

of input laser light was very narrow and was well focused a fine spot on the CCD screen.

Figure VII.14(b) shows DXPM induced spectral broadening of the left- and right-
handed laser pulses with an optical delay of 40 ps (T4= tL.-tr) and the same pulse energy
of 6 nJ. The right-handed laser pulse was 40 ps in front of the left-handed one. The
spectra of left- and right-handed laser pulses were blue- and red-shifted, respectively. The
spectra were shifted equally to blue side (left-handed) and red side (right-handed) since
two light pulses had the same energy. The DXPM spectral broadening is shown in Figure
VII.14(c) when the right-handed pulse was 20 ps ahead of the left-handed one (14=20 ps).
The spectral broadening are very similar to that in (b). For the spectra of left-handed laser
pulse in left-column of Figure VII. 14, the spectra were blue-shifted for two optical delays
in (b) and (c). But it seems there is more light in the red-shifted side in (c) than that in (b),
at least more than the leakage from the opposite rotating light that was discussed before.
This may arise from the different optical delays. A shorter optical delay (20 ps) will

coupled more light to the red-shifted side than a longer optical delay (40 ps).

For 14=0 ps, two laser pulses were coupled into the fiber at the same time, the

DXPM induced spectral broadening are shown in Figure VII.14(d). The spectra were

broadened equally to both blue- and red-shifted sides. This is not surprising because two
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light pulses had equal energy, no optical delay, and propagating with the same velocity
(without walk-off effect). When the optical delay was T4=-20 ps, meaning that the right-
handed pulse was 20 ps behind the left-handed one. The spectrum of the left-handed
pulse was shifted to Stokes (red) side, and the right-handed pulse was shifted to anti-
Stokes (blue) side as shown in Figure VII.14(e). As a matter of fact, this is a reverse
effect of Figure VII.14(c) for 14=20 ps. For 14=-40 ps, the right-handed pulse was 40 ps
behind the left-handed one, the spectrum of the left- and right-handed pulses were also
shifted to Stokes (red) and anti-Stokes (blue) side, respectively, as shown in Figure
VII. 14(f). Similarly, these spectral broadening are the reverse effect of the spectral
broadening in Figure VII.14(b) for t4=40 ps. From the observation of the DXPM induced
spectral broadening for different optical delays, it is found that the extending range of the
spectral broadening depends on the light pulse energy only. The direction of broadening

depends on the optical delay between two light pulses.

VII1.5.4 Theoretical Fitting

The measured digitized spectra of the two output laser light pulses for a given
optical delay of 52 ps are displayed in Figure VII.15 as solid curves for different input
laser pulse energies. These spectral intensity distributions were normalized. The left- and
right-column are for the left- and right-handed laser pulses, respectively. Figure VII.15(a)
shows the input laser light spectrum which had a full-width-half-maximum (FWHM)
bandwidth less than 0.03 nm. Figures VII.13(b), (c), and (d) show the spectral broadening
at the input laser pulse energy of 5.8 nlJ, 7.3 nlJ, and 12 nJ, respectively. The
corresponding maximum spectral shifts are 0.13 nm, 0.17 nm, and 0.25 nm, respectively.
These two laser light pulses show symmetric shifts around the central initial input

wavelength of 532 nm.

242



NORMALIZED INTENSITY

(a)

Right-handed | (a)
pulse

Left-handed
pulse

as

Al

5315

5325 5315

5320 5325

WAVELENGTH (&)

Figure VII.15 The normalized measured spectral of the two circularly polarized
laser light pulses at an optical delay of 52 ps (Td=TL~tR) with different light
pulse energy. The laser light pulse duration was 35 ps. Two pulses had the
same pulse energy. The energy of each light pulses are: (a) input laser light;
(b) 5.8 nJ; (c) 7.3 nJ; (d) 12.0 nJ.
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Figure VII.16 The calculated spectra of the two circularly polarized laser light
pulses at an optical delay of 52 ps with different light pulse energy. The laser
light pulse duration was 35 ps. Two pulses had the same pulse energy of 6.0
nd. The energy of each light pulses are: (a) input laser light; (b) 5.8 nJ; (c)

7.3 nJ; (d) 12 nJ.
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The observed DXPM induced spectral broadening in the two opposite rotating
laser light pulses can be explained with DXPM and SPM theory. The nonlinear wave
equation (VII.2) for two opposite rotating laser light pulses can be used to simulate the
experimental results in Figure VIL.15. The theoretical simulation was calculated using
Eqgs.(VIL.2). To compare the theoretical calculation with the experimental results, the
energies of the two laser light pulses were assumed to be equal in the calculation. The
following parameters were used in the simulation: the fiber length is 1 meter; the
nonlinear refractive index ny=3.2x10-20m2/W. Because of the small bandwidth of the
laser light, the dispersion terms in the nonlinear wave equations were neglected (the third

terms on the left-handed side of equation VII.2).

The calculated spectra are shown in VII. 16 as solid curves for different laser light
pulse energies at an optical delay of t4=52 ps (right-handed pulse was 52 ps ahead of left-
handed pulse). Left- and right-handed columns are for the spectra of left- and right-
handed pulses, respectively. Figure VII.16(a) is the calculated spectra of the input laser
light. Figure VIIL.16(b), (c), and (d) are for the laser pulse energy of 5.8 nJ, 7.3 nJ, and 12

nJ, respectively.

At low laser light pulse energies (5.8 nJ and 7.3 nJ for each pulse), the calculated
results are in good agreement with the measured spectra as shown in Figure VII.14 for
two circularly polarized light pulses having the same pulse energy. The small spectral
peaks in the measured results in Figure VII.14(b) and (c) do not separate as clear as they
do in the calculation showing in Figure VII1.16(b) and (c). This difference is believed due
to the limited resolution of the spectral analysis system. At high laser pulse energy (12 nJ
for each pulse), the measured spectral for two laser pulses in Figure VII.14(d) are much
broader than that of the calculation as shown in Figure VII.16(d). This may be due to the

overlap of the spectral broadening caused by the Stimulated Raman Scattering process,
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and the additional mixture of broadening since the pump and probe were of the same

intensity.

The DXPM induced spectral broadening for two laser light pulses having different
optical delays and the same pulse energy were also measured. The normalized spectra are
shown in Figure VII.17 as solid curves at pulse energy of 6 nJ for various optical delays.
The left- and right-column in Figure VII.17 are for left- and right-handed laser pulses,
respectively. Figure VII.17(a) shows the input laser light spectra. Figure VIL.17(b), (c),
(d), and (e) show the spectral profiles for the optical delay of O ps, 20 ps, 27 ps, and 40
ps, respectively. For left-handed laser pulse, the light energy at the output signal was
distributed throughout all the broadening spectral range for the O ps optical delay as
shown in Figure VII.17(b). When the optical delay increased from zero to 40 ps, the
normalized spectral profiles of the output left-handed light pulse changed from the
broadly distributed light energy as shown in Figure VII.17(b) to transferring most of the
light energy to the maximum lobe as shown in Figure VII.17(e). Symmetric development
can be seen from the spectral profiles of the right-handed light pulse in the right-column

of Figure VIIL.17.

The DXPM spectra for different optical delays have also been simulated using
nonlinear wave equations (VIL.2). The calculated results are shown in Figure VII.18. The
left- and right-columns are normalized spectra for the left- and right-handed laser pulses,
respectively. The calculations of the output spectra are in good agreement with the
experimental results except that the measured results are much noisy. From the
calculation, it can be seen clearly that most of the light energy is coupled to the main lobe
of the DXPM spectra when the optical delay increased from 0 ps to 40 ps. Back to the
calculations of the output spectra of the two light pulses having a even larger optical

delay of 52 ps as shown in Figure VIL 16, One can find that more energy are coupled to
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the main lobe in the output DXPM spectra. Neglecting the weak intensity peak in the
output spectra, it seems that spectral change caused by DXPM is just a shift effect
without any broadening. This may tune out some important applications such as the all-

optical A/D converter and amplifier.

In this section, the temporal DXPM spectral broadening of two opposite rotating
circularly polarized laser light pulse has been investigated by observing the spectra of the
output light pulses from a nonbirefringent single-mode optical fiber. Two laser light
pulses had equal pulse energy. The dependence of the spectral broadening of the laser
light on the light pulse energy has been measured. The spectral broadening of the laser
light for two pulses with various optical delays has also been investigated. The theoretical
simulations are in good agreement with the measured results. An important conclusion is
that by increasing the optical delay between two laser light pulses, a broadening spectrum
due to DXPM process can become a shifted spectrum without broadening. This may be

useful for the spectral encoding of the ultrafast XPM analog-to-digital conversion.

247



NORMALIZED INTENSITY

 (a) Left-handed | (a) Right-handed
A Pulse k Pulse
1 l 1 ] I 1
(b) | (b)
 (c) ()
_JA/\WLd\l /\&J\J\/k
 (d) G
]\MMA | .
: j\\ -(e) NJ\[\\\
I il s Y T, . ] 1

5315 5320 5325 5315 5320 5325

WAVELENGTH (A)

Figure VII.17 The normalized spectra of the two circularly polarized laser
light pulses with different optical delays. The laser light pulse duration was
35 ps. Two pulses had the same pulse energy of 6 nJ. The optical delay of
the two light pulses (Td=TR-TL) are: (a) input laser light; (b) 0 ps; (c) 20s; (d)
27 ps; (e) 40 ps.
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Figure VII.18 The calculated spectra of the two circularly polarized laser
light pulses with different optical delays. The laser light pulse duration was
35 ps. Two pulses had the same pulse energy of 6 nJ. The optical delay of
the two light pulses (Td=TL-TR) is: (a) input laser light; (b) O ps; (c) 20s; (d)
27 ps; (e) 40 ps.
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VI1.6 DXPM of different fiber modes of a 35 ps single-shot laser light pulse in a

multi-mode optical fiber

VII1.6.1 Introduction

XPM process will occur for optical waves at different states. These different state
of light can be different wavelength, polarization, and even different propagation in a
multimode optical fiber. The multimode optical fiber used in the experiment was
nonbirefringent. The type of optical fiber can support two lowest stable propagation
modes. These modes are LPg; and LP){ modes which have different spatial distribution
of light. The mode patterns are shown in Figure VII.19. LPg; mode has a symmetric
spatial distribution. The light intensity in this mode has a Gaussian distribution. LPy

mode spatially separates into two spots with asymmetric intensity distribution.

When laser light is coupled into the multimode optical fiber, light will be coupled
into two modes depending on the coupling condition. At the fiber exit, two propagation
modes output at the same direction. So two propagation modes spatially overlap with
each other and can not be separated. Generally, each mode will carry some light energy.
By adjusting the coupling subtlety, most of light can be coupled into one mode such as
LPg; or LP;i. In this experiment, most of the light energy was coupled into the high
order mode LPj; and very small portion of light was coupled into the LPg; mode.
Because of its weak intensity, LPg; mode hidden between the two lobes of the LPj;

mode can not be seen at low pulse energy. This was shown in Figure VII.20(a).

VIL.6.2 Experimental Method
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The experimental arrangement to observe the DXPM between different fiber
modes is shown in Figure VIL.19. A 35 ps laser pulse at 532 nm from a Nd: YAG laser
was used. The multi-mode, non-birefringent optical fiber(Newport Corp. FSV-10 model)
has a core diameter of 4 tm and cladding thickness of 125 pum. This optical fiber support
two propagation modes at the light wavelength region of 532 nm. These two modes are
LPo; and LPj). The mode patterns of LPg; and LP;; are also shown in Figure VII.19.
The lowest propagation mode LPg; has a circular symmetric intensity distribution on the
cross section of the fiber. The first high order mode LPj; has two lobes having mirror
symmetric distribution. When laser light is coupled into this fiber, light will be coupled
into two propagation modes and co-propagate along the fiber. Since this is a multi-mode
optical fiber, it dose not maintain any polarization state. There is no favorable
polarization direction for the output light signal from the fiber, meaning the light

completely depolarized during the propagation in the fiber.

The laser light pulses was coupled into and out of this 1-meter length multi-mode,
non-birefringent optical fiber with 5X microscope objective lens (L's). The output light
signal was focused to fine points as shown in Figure VII.19. The LP|; mode was set
parallel to the slit of the spectrometer. Therefore, two lobes of LPy; were sent in for
spectral analysis. LPg) mode is always in the middle of the two lobes of LP;; mode. So
LPo; mode was also sent into the spectrometer. Hence, two modes were sent into the
spectrometer at the different position of the slit. The spectra of the output laser light at
different fiber propagation modes can be measured for a single shot laser light pulse from

the Nd:YAG laser system.
The same spectral analysis system which was used before has a resolution of 0.03

nm was a 1-meter spectrometer coupled to a CCD camera. The detection area of the CCD

camera was large enough to record the spectra of the two modes of the output laser pulse
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Figure VII.19 Experimental set-up to observe the DXPM between
modes of an optical fiber: L's are microscope objective lens, S is slit of
spectrometer. The optical fiber surport two modes (LPo1 and LP11)at the
wavelength of 532 nm. Most of the light energy was coupled to the
mode LP11 which was pump mode. LP01 mode wasweak which was
probe mode.
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simultaneously. The input laser light spectrum with a FWHM bandwidth less than 0.03

nm is shown in Figure VIIL.2.

VI1.6.3 Results

The spectra of the two output modes of a single 532 nm laser pulse were
measured for different laser light pulse energies. Figure VII.20 shows the photo displays
of the output light spectra from the CCD camera. Figure VII.20(a) is the photo display of
the laser light spectrum at very low light pulse energy (<0.1 nJ). The image of the two
lobes of LP;| mode can be seen in the photo display. By adjusting the coupling objective
lens and the fiber very subtly, most of the input laser light energy (>90%) was coupled
into the LP; mode. The light energy coupled into LPg; mode was relatively less (<10%).
The image of the LPg; mode was located into the middle of the two lobes of LP;; mode

and it can not be seen clearly.

For a laser light pulse with pulse energy of 7 nJ, the spectral photo display is
shown in Figure VIL.20(b). The spectra of the two lobes of the LP;; mode broadened
equally due to SPM of this mode. The spectrum of LPp; mode can not be seen in the
photo picture since the intensity of light coupled to this mode is too weak. For a higher
input light pulse energy at 10 nJ, the spectra of the two modes are shown in Figure
VII.20(c). The spectrum of LPg; mode was broadened farther than the spectrum of the
LPj) mode. The broadening of the LPg; mode spectrum is larger than that of the LPy;
mode. The spectral broadening of LP}; mode was caused by SPM of the mode itself. For
LPp) mode, its spectral broadening was induced by the DXPM between two propagation
modes. The spectrum of LPg; mode is broader than that of LP;; mode since most of the
light energy was coupled into LP;; mode. Approximately, LPg; mode spectral

broadening is twice larger that of the LPy; mode. When the input light pulse energy was
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(b)

(c)

(d)

Figure VII.20 The photo displays of the spectral broadening for
different fiber mode in a muiti-mode optical fiber at different laser light
pulse energy. The spectra of two light modes were recorded
simultaneously by a CCD camera. (a) the spectra of two light mode at
very low light pulse energy (<0.1 nJ), two spots are LP11 mode, the
weak LPp1 mode was in the middle of the LP¢1 mode; From (b) to (e)
are the spectra of the two light modes at the pulse energy of (b) 7.0
nd, (¢) 10.0 nJ, (d) 25 nJ, and (e) 37 nJ. It can be seen that two fiber
modes have different broadening.
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increased to 25 nJ, more clear spectrum of DXPM between modes can be seen in Figure
VI1.20(d).At a very large pulse energy of 37 nJ, the spectral photo displays are shown in
Figure VII.20(e). The SPM and DXPM spectra of the two modes gave more broadening
for the large input pulse energy. It seems that the spectra were broadened far beyond the
DXPM broadening range. This may be induced by the rapidly arising SRS effect at high

pulse energy.

The photo images of the spectral broadening of the light at different fiber modes
shown in Figure VII.20 can be digitized along the rows of pixels to reduce the mixture of
the spectra at different modes. The spectra of LP; mode was digitized by reading the
pixel along the row passing through the center of the upper lobe (or the lower one). The
spectra of the LPg; mode was digitized by reading the pixel of the row passing through
the middle of the two lobes of LP;; mode. Using this way, the spectra of the two light
modes were separated. The normalized spectra at different input pulse energies are shown
in Figure VIL.21. Left and right column are the spectra of LPy; and LPg; modes,
respectively. Figure VII.21(a) shows the input laser light spectra of the two propagation
modes. Figure VIL.21(b) and (c) display the normalized spectra of the two modes at the

light pulse energy of 10 nJ and 25 nJ, respectively.
VII.6.4 Fitting of Data

In this experiment, linearly polarized laser light pulses were used to observe the
DXPM process between different fiber modes. When light was coupled into the
multimode fiber into different fiber modes, lights at different modes remain linearly
polarized. The nonlinear wave equations for two parallely linearly polarized optical
waves were used here for the theoretical simulation. These nonlinear wave equation from

Eqgs. (I1.38) can be expressed as;
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where A and A] are the slow changing amplitudes of the high- and low-order modes,
respectively (LP1; and LPo; modes). Vg and k(2) are the group velocity and GVD,
respectively. Eq. (VIL.4) have very similar with the Eq. (VIL2) except that the
coefficients of XPM and SPM are different. Eq. (VIL.4) can be solved using the same

method.

The theoretical fittings were calculated using Eqs.(VIL.4) at the different input
pulse energies. To compare the fittings with the experimental results, the portions of light
coupled to LP; mode and the light coupled to LPp; mode was adjusted to be 90% and
10%, respectively in the theoretical calculations. The fiber length was 1 meter. Nonlinear
refractive index n2=3.2x10-20m2/W. Because of the small bandwidth of the laser light,
the dispersion terms were dropped in Eqs. (VIL.4). The calculated results are shown in
Figure VIL.22. Figure VI1.22(a) shows the calculation of the input laser light spectrum.
Figure VII.22(b) and 22(c) show the calculated spectra of the LPj; and LPg; modes at

laser pulse energy of 10 nJ and 25 nJ, respectively.

The spectral broadening of the LPO1 mode is attributed to the DXPM process
between the two fiber modes. The SPM process of the LP;; mode dominates its own
spectrum, There are good agreements between the experimental results and theoretical

calculations for the spectra of the LPy; mode, as shown in left column of Figure
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VII.22(b) and 22(c). The slight difference is attributed to the limited resolution of our

spectral measurement system.

The calculated spectra of LPg; mode as shown in the right column of Figure
VI1.22(b) and (c) show similar broadening to the measured spectra displayed in Figure
VIIL.21(b) and (c). The theoretical profiles reproduces the LPg; mode spectra off the
central region, but do not well fit the spectra in the central region. The difference in the
middle spectral region is believed to arise from the disturbs of LP;; mode. Since the
resolution of the spectral analysis system was not high enough, the spectra of the two
modes can not be completely separated on the CCD camera screen. When the digitized
spectrum of LPg; mode was taken along a row of CCD pixels. Some portion of LPy;
mode spectra was accounted in the LPg; mode spectrum. Considering the intensity of
LP;; mode was much stronger than that of LPg; mode, small portion of LP;; light will

greatly modify the spectral structure of LPg; mode in the central region.

In this section, DXPM process between two light propagation modes of LP;; and
LPg; in a multi-mode optical fiber has been observed for a single shot 35 ps laser light
pulse. The DXPM induced spectral broadening was observed for different input light

pulse energy. The experimental results are in reasonable agreement with the theoretical

calculation.

257



NORMALIZED INTENSITY

(a) LP11 Mode (a) LP01 Mode
| (®) | (b)
1 { 1 al | ek
| (c) | ()
2 ] . ) \
5316 5320 5324 5316 5320 5324
WAVELENGTH ( A)

Figure VIl.21 The normalized measured spectra of different fiber modes in a
multi-mode optical fiber at different laser light pulse energy. (a) the spectra of
two light mode at very low light pulse energy (<0.1 nJ); (b) the spectra of the
two light modes at the pulse energy of 10 nJ; and (c) 25 nJ.
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Figure VII.22 The calculated spectra of different fiber modes in a multi-mode
optical fiber at different laser light pulse energy. (a) the spectra of input laser
light; (b) the spectra of the two light modes at the pulse energy of 10 nJ; and
(c) 25 nJ.
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Chapter VIII
FUTURE RESEARCH DIRECTIONS

VII1.1 Introduction:

Optical technology offers.many advantages for computation, communication, and
signal processing over electronic technology to improve the time and frequency responses
of working system. Many electronic devices such as computers, A/D converters and
amplifiers which are relatively slow have limited the performance of the electronic
system in applications. In optical communication, optical computation, and optical
information technology, all optical devices have been drawing considerable interests
because of the intrinsic higher speed and wider bandwidth of an optical channel than an

electronic one.

For the ultrafast optical signal processing, light can be used to control light. Many
applications using third-order nonlinear processes have been developed, such as all
optical switchesl!], logic-gates(2-3], and multiplexer/demultiplexerl4] based on the optical
Kerr effect in nonlinear waveguides. Because of the increased uses of fiber-optic sensors
and fiber-optic communications, signals applied to an optical signal processor are often
optical, and thus all optical devices (optical amplifiers and A/D converters) should be
used to handle ultrafast optical signals (>1 THz). They are also needed to handle real-
time data for the optical signal processing applications such as spread spectrum
communication, lidar, fiber-optic sensors, etc. Several examples of all optical
amplification are stimulated Raman amplifiers(5]), erbium-doped fiber
amplifiers(EDFA)I6-7), and diode-laser amplifiers[8], But each of these is limited to the
gain bandwidth of the effects used. Using the optical Kerr effect in a lowbirefringent

single-mode optiéal fiber, a modulational gain at the orthogonally polarized direction of
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linearly polarized laser input has been observed at high laser intensities(9-10], An

broadband all-optical amplifiers has been proposed by using the optical Kerr effect[9].

Optical analog-to -digital (A/D) conversion has been demonstrated and proposed
using an electro-optic waveguidel!l], a liquid crystal devicel!2], and optical logic and a
look-up tablel13], an electro-optic guided wave A/D converter has been demonstrated
with bandwidths exceeding 10 GHz[14], Using a nonlinear fiber interferometer, all-optical
A/D conversion has been implemented by J.-M, Jeong et al.l15], A more sophisticated
design of an all-optical A/D converter based on the cross-phase modulation (XPM) has
been proposed for ultrashort intense laser light pulses co-propagating in an optical

fiberl16],

In this chapter, the future research is proposed based upon my thesis work. The
basic concept of an all-optical amplifier based on the phenomena of SPM and XPM
processes in a single-mode optical fiber will be proposed. The basic unit of the all-optical
amplifier can be used as the heart of future computers and communication systems. A
weak optical signal will be amplified by the all-optical amplifier using an intense pump

optical wave copropagating in optical fibers.
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VIIL.2 All-optical Amplifiers
VIIL.2.1 Basic Principle of Optical Amplification

A schematic diagram of an all-optical amplifier is shown in Figure VIIL1, the
pump signal (B) and the signal (A) both are linearly polarized. They are perpendicular for
the amplification of the weak signal (A). When these linearly polarized laser pulses (A)
and (B) are coupled into an single-mode optical fiber, they will co-propagate in the
optical fiber like a single pulse having two perpendicular linearly polarized components.
Considering nonlinear polarization stabilities of the laser pulse propagating in an optical
fiber(11], the two opposite circularly polarized components are used in the theoretical
analysis. Assuming the amplitudes of the pump (B) and signal (A) are A, and A,
respectively, the amplitudes of the two circularly polarized components are AR=Ap+As
and Ap=Ap-A;s for right-handed and left-handed, respectively. When these two circular
components copropagate in an optical fiber, both components will have an unbalanced
nonlinear phase modulation. The difference of the phase modulation will cause the pump
light to be coupled into the signal polarization mode and to be selected as the amplified

output by a second polarizer.

The nonlinear wave equations for two circularly polarized light pulses

propagating in an optical fiber which is an isotropic medium can be expressed as :

OAp , 1 OAg i «,;'32’;*!:
dz vy ot 2 at” 3
oA, 1 9A, i k,,,¢92AL_.wn2 4

2
5 T ok e —1-—c—(§lALF+§lARI2)AL, (VIIL1b)
gL

ilALF )AR, (VIIL1a)

.anz V)
—=(=|Ag "+
lc (3 R
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Figure VIIl.1 Principle design of the polarization-controlled all-optical
amplifier (optical amplifier). P1: polarizing prism; P2: polarizer; L: lens;
PD: photo-diode.
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where v,; and v, are the group velocities for right-handed and left-handed
components, respectively, and vy = v, , k(@'s are the group- velocity
dispersion(GVD), and n=3x(3)/8n is the nonlinear refractive index. The amplitudes and
phases of the pulse envelope are denoted by A and o, respectively:

10R(1.2)

Ar(rz) = agr(r.ae , and Aprz)=apnae! D), (VIIL2)

where T=(t—2z/vg)/ Ty is the local time in the pulse and Ty is the 1/e pulse duration,

and assuming that kf;z) = kﬁz) =0 Eqgs. (VIIl.1a) and (VIIL1b) reduce to

dar _ 0, (VIIL3a)
oz
=1—n(—ar+—ai) (VIIL.3b)
5 . 2( JaRt3 L)
da. _q (VIIL3c)
oz
=i—n.(=af +—ag)- (VIIL3d)
oz c (3 LT3R
For a Gaussian pulse at z=0:
Ar(rz=0=Aroe T’ and AL(rz=0=Aroe T’ (VIIL4)

where Aro(ALo) is the initial right-handed (left-handed) amplitude. With these initial
conditions, the solutions for the phase of the pulse after propagating a distance z in an

optical fiber are:

ARr(t2)=Apo, and  Ap(z)= Ay, (VIIL5a)
G 2 4
o (T, 2) = :nzz(glno*‘;ho)e"‘z. (VIILSb)
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G 2 4 -
o (T, z) = :‘nzl(‘EILo'*"gIRo)e'tz. (VIIL5c)

where Iro(ILo) is the intensity of the right(left)-handed component. Taking Al=I Igg-I gl is

the intensity difference for the two components. The induced phase shift is:

an

T 1274l e T2, (VIIL6)

Ao(T,z) =lgg — o l=

From the solutions of (VIIL.5) and (VIIIL.6), the amplitudes of any two counter-
rotating circularly polarized laser pulses are stable. There is no exchange of energy
caused by nonlinear interaction between these two circularly polarized laser pulses. There
will be a phase shift between the two pulses when their amplitudes are not equal. The
nonlinear phase modulations can change the polarization state of propagating laser pulses.
When there is only the linearly polarized pump laser pulse, this laser pulse can be
regarded as superposition of two circularly polarized components with the same

amplitude and their nonlinear phase changes are equal.

At the exit of an optical fiber, the result of the superposition of the two circular
polarization states is the original linear polarization state. When a weak signal pulse
which is perpendicularly linearly polarized is sent into this optical amplifier, the incident
laser pulses have two linearly polarized components. We can also use two circularly
polarized components to describe this polarization state. The relations between linear and

circular polarization bases are:

- | -

=-——=(er +eL), VIIL7
ex ‘\/i (eR eL) ( a)
e—; = —13(91 - e—l). (VIIL7b)
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The total electric field of the input optical wave is:

- - -
E=Exex+1Exex

1 -» = . e
Ex 7 (er+eL)+1Ey ) (er—eL)

1 - 1 -
_ (B — , VIILS
o (Ex+Ev)er 5 (Ex—Evy)eL ( )

The magnitudes of Irp and I ¢ which are the intensities of the right-handed and left-

handed circularly polarized components, respectively became unequal with a difference:

1 1
Al = E(EX+EY)2 - "2'(1'3x—EY)2 =2ExEv, (VIIL9)

In this device, the pump is along x-direction and signal is along y-direction, therefore,

E;=Ex and E; = Ey. In this arrangement, we have I;=E,2, Ip=Ey2; substituted into

equation (VIIL.9):

Al=2 \/Tp st . (VIIL10)

where Ip and I are the intensities of the two linearly polarized components which are
corresponding to the intensities of the pump pulse and the weak signal pulse,
respectively. The phases of the two circular polarization are shifted after propagating

through an optical fiber. The induced phase shift is given by:

Aa(t,2)=lar - o l= g—i{'nz z\TpT e ™ . (VIIL11)
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The phase shift is a function of time due to its dependence on the local time t. The
superposition of the two circularly polarized components with equal amplitude will
always give rise to a linear polarization state no matter what the phase difference is. For a
phase shift of Ao(T,z), the linearly polarized output will rotate by an angle of
A0.(T,z) / 2. Therefore, the output optical pulse at the fiber exit will keep to be almost
linearly polarized in propagation, but the polarization direction will change at different
local time. The output is a polarization twisted optical pulse. After the polarizing prism
which was set at the orthogonally polarized direction with that of the pump pulses, the

pulse intensity is modulated with a sin2(A0/2) function, the optical amplifier output

energy is:

Pou= [Ipe "sin(ke )d7 (VIIL12)
where k=4rnn, Z'\/I—p «/I—s/ 3A is a nonlinear phase parameter.

Amplification effect of a weak optical signal can be observed by analyzing these
equations from (VIIL6) to (VIIL.12). When there is only the linearly polarized pump
beam, this pump laser beam will propagate in the optical fiber without any change on its
polarization state. At the fiber exit, the output laser beam is at its input linear polarization
and it can not pass a polarizer which is perpendicular to the input polarization state. There
will be no output. When the linearly polarized pump laser beam is coupled into the
optical fiber with a linearly polarized weak signal optical beam which is at the
perpendicular polarization of the pump beam, the nonlinear phase shift in equation
(VIIL.11) will cause the linear polarizing direction of the pump laser beam rotates with an
certain angle which depends on the pump intensity and pulse local time. At the fiber exit,

the output pulse energy for laser pulses after a polarizer which is perpendicular to the
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input pump polarizing direction (parallel to the weak signal polarizing direction) are
given by equations (VIIL.12). The polarization rotation of the pump beam will lead the
pump energy coupled into the output polarizing direction. The energy of the input weak

signal light pulse will be amplified.

VIIL.2.2 Characteristic curves of the Optical Amplifier:

The output pulse energy of the optical amplifier can be calculated by using the
equation (VIIL.7) for pumping with laser pulses (B). The calculations of the optical
amplifier output energy are shown in Figure VIIL.2 for five different pump pulse (B)
energies which are 20, 40, 60 80 and 100 nJ, respectively, at pulse durations of 35 ps for
different input signal energies. When the energy of input signal (A) is increased under a
given pump energy, the output is also increased. At low input signal energy, the optical
pulse is almost linearly amplified. There is a saturation effect of amplification for a high
input energy of signal pulse (A). This is not surprising because most of the pump energy (
up to 80 %) is coupled into the output laser pulse at high input pulse energy. To increase
the input signal energy further, there is no more energy can be coupled. If the input pulse
energy is large enough, the output pulse energy will decrease and then will show an
oscillating characteristic because of nonlinear phase modulations which is not displayed
in Figure VIIL2. For the same input signal pulse energy, the higher the pump energy, the
larger the output energy. The calculations in Figure VIIL2 for different pump energies
show that an optical amplifier with higher pump energy has a lower input signal energy at
which the amplification saturation happens. On other words, an optical amplifier with a
lower pump energy will yield a larger dynamic range for the input signal energy. One

problem is if the pump pulse energy is set too low, the gain of amplification will be small.
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Figure VII.2 The output energies of an optical amplifier under different

pump pulse energies.
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The percentage (T) of the transferred energy from the polarization state of pump

pulse (B) to that of signal pulse (A) is calculated by using:

T=P1/Po, (VIIL.13)

where Pg is the energy of the pump pulse and P, is the output of the amplifier. The
calculated results for T are shown in Figure VIIL.3. At the same input signal pulse energy
of (A), higher pump pulse energy of (B) will give a higher coupling efficiency for small

input signal energies of (A). The saturation will appear for large input signals.

The gain factor for the weak signal pulse (A) under the different energies of pump

pulse (B) can also be calculated by:

A
G= —-I—O—“i, (VIIL.14)
AIin

where Aljj, is the change of the input signal pulse energy and Alg,, is the corresponding
change of the output pulse energy of this all-optical amplifier. The output energy gain
factors versus signal energies of signal (A) are displayed in Figure VIII.4 for five
different pump pulse energies from 20 to 100 nJ. For the same input pulse signal energy
of (A), higher pump energy of (B) will give a higher energy gain factor. For the same
pump pulse energy of (B), the gain factor keep constant at low input signal pulse energy
of (A). At the area where the saturation effect happens, the energy gain factor will
decrease dramatically. A trade-off effect can also be seen here which is a lower gain
factor (lower pump energy) combining with a larger dynamic range of input signal
energy, but a higher gain factor ( higher pump energy) combining with a smaller dynamic

range of input signal energy.
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The temporal profile of the output laser pulse (mixed with A and B) can be
calculated by using the same expression (9) without the integration of local time. The
temporal profiles of the optical amplifier output laser pulse were calculated for different
nonlinear phase shifts as shown in Figure VIILS. The calculations have shown that the
output laser pulse was slightly-off Gaussian distribution for Gaussian pump pulse (B) and
signal pulse (A). The output pulse duration was about 0.75 times of that of the incident
signal pulse. In Fig. 6, (a) is the incident Gaussian pulse; (b) is the temporal profile for
k=0.1 which is for very weak input signal pulse; and (c) is the output pulse profile for

k=1.5 which is for relative strong input signal pulse (A).

In application, the pump laser pulses and the weak signal pulses were
orthogonally linearly polarized. Hence, the sensitivity of this all-optical amplifier
depends on the extinction ratio of pump pulse (B). Any depolarization from pump pulse

(B) will decrease the sensitivity of the optical amplifier.
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Figure VIII.3 The transmission ratio of an optical amplifier for different

pump pulse energies.
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Figure VIIl.4 The gain characteristic curves of an optical amplifier for
different optical pump pulse energy.
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NORMALIZED OUTPUT PULSES

(a) Input pulse (k=0) (b) Output pulse for k=0.1

(c) Output for k=1.5
100 =
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b \\©
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Figure VIILLE  optical amplifier output pulse compression effect. (a).
incident laser pulse with a Gausain distribution; (b). output pulse temporal
profile for a small signal of nonlinear phase shift k=0.1; (c). output pulse
temporal profile for a relatively high intensity signal of k=1.5.
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APPENDIX

Nonlinear Wave Equations and Solutions of Optical Waves

in Optical Fibers

In chapter II, the general form of the nonlinear wave equations of an optical wave
propagating in a nonlinear medium has been studied. The time-dependent nonlinear wave

equation can be expressed as:

. 0A@Y 1 Ay, 1. . 9%A@y  2¢mwo
i + —_ __k(z) = — P Z,t
( dz v, ot ) 27" 9t koc? L (20)
X exp[—i(koz— wot)]. (11.22)

where vy is the group velocity and k&? is the group-velocity dispersion (GVD). In Eq.
(I1.22), the first two terms on the left side describes the developing propagation at the
group velocity; the third term determines the temporal pulse broadening due to the group
velocity dispersion; and the term which contains nonlinear polarization Pnp, on the right
side characterizes the nonlinear polarization which is responsible for different kinds of
nonlinear phenomena. PN depends on different conditions such as for SPM and XPM

under different polarization bases.

The nonlinear polarization PNy, can be expressed as

- -
PnL = 2 Piei. (A1)
1
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where Pi is the nonlinear polarization component at the i direction (i=x, y, z). In a
nonlinear medium possessing third-order nonlinearity, these nonlinear polarization

components are:

Pi= % X§J-3k)1 E;ExEl i=x,y,z, (A.2)
iK

where xffk)l is the third-order nonlinear suceptibility of the material which is a tensor and

has 81 components in all. In an isotropic nonlinear medium, most of the components are

zero. The non-zero components of the third-order nonlinear suceptibility are listed as

follows:

Xxxxx =Xyyyy = Xzzzz = X (A.32)
Xxxxx=Kyyyy =Xzzzz = X (A.3b)
Axxyy =Xyyxx = Xazxx = Xxxzz = Kyyzz = Xzzyy = %x, (A3c)
Xxyxy =Xxyyx =Kyzyz=Xyzzy = Xzxax =Kzxxz = 3% (A.3d)
Xyxyx=Kyxxy =Kzyzy =Xzyyz = Kxaxz = Xxzzx = :;-x (A.3e)

By calculating the nonlinear polarization through the Egs. (A.1) to (A.3), the nonlinear

wave equations for SPM and XPM can be derived.
A.1 Nonlinear Wave Equation of Self-phase Modulation (SPM)

There only one optical wave for SPM, this optical wave is assumed to be linearly

polarized at the x-axis direction. The electric field of this optical wave is;
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- -
E= Exex, (A4)

where the amplitude Ex is

1 .
Ex==A@ne @B tcc.. (A.5)

2

where Az, 1) is the slow-changing amplitude envelope of the optical wave. Substituting

Eqg. (A.5) into (A.2), one can find

Px=YXE3,and Py =P, =0, (A.6)
expanding Ex3 using (A.5), one obtains

1 . .
Px= gx{A?z.t) e P +3 A(zz.t)A(z.t)e—l(mt—Bz)

+3 A0 AL, el@FD) 4 A3 liCai-pa)) (A.62)
keeping only the terms at the same frequency with the incident optical wave, one has:

p, = %xl Ao Agye @8t c. (AT)

Substituting (A.7) into the nonlinear wave equation (I1.22), one has the nonlinear wave

equation for SPM:
0At) 1 0A@v) i, ,0%°A@t) i®ny 2
L — e = 1A , I“ A . (A8
9z vy ot 2 9 ¢ o Ae !
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where na = 37 /8n is the nonlinear refractive index. This equation can be further

reduced by neglecting the group-velocity dispersion and expressed as:

oA  10dA .
— =lw0n2lA|2A- (A.9)
0z v, ot c

By changing the variables with:

T=t—2/vg and z'=z, (A.10)
where t is real time, and 7 is defined as the pulse local time. Therefore, one has
dt/dt=1,9t/dz=-1/0,;and
dz'/oz=1 dz' /ot =0, (A.11)

substituting (A.11) into next variable change relation, one has

d T dz _ d

_=i_a_ i‘_—=—' (A.12a)
ot dtot o0z dt 01

d Z ddt_d 19
—=-i|-—a——+—--—=—-'-———-——. (A.12b)
dz 0z dz 010z 0z P 0t

putting (A.12) into nonlinear wave equation (A.9), that is

d 19,1249 . Wo N2
—_——— — 4+ —)A =i |ARA,
(az' ﬁgat+ﬁg8t) e Al
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i.e.

ap: =i%eh2)24, (A.13)
oz c

Since z'=z, the equation can be expressed as

oA _ L0021 424, (A.14)
oz c

Denoting by a(z,t) and 0l(z,t) the amplitude and the phase of the electric envelope

of the laser pulse, respectively, the pulse slowly varying profile A(z;) can be written as
A = agnexplioenl; (A.15)

substituting (A.15) into (A.14), one has

3 . , .
—(ae'*) = lmazae‘“, (A.16)
C

0z

expanding (A.16),

.da ., . 0O .
el —+ijael*—=j Wo N2 alael?, (A.17)

0z 0z c

(A.17) is

da ., do. _.@on
B rialt =822,

A.18
0z 0z c (A.18)
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separating the real and imagine terms of (A.18), Eq. (A.18) reduces to

—=0, (A.192)
d

O _ Won2 5

2 _Wel2 2 A.19b
3 S o ( )

The analytical solutions of Egs. (A.19) for the nonlinear phase modulation and the slowly

changing amplitude of a light pulse can be obtained as

a(z,1) = apFv), (A.20a)
Olzry=22M2 a3 2 Fy). (A.20b)

C

where a, is the peak amplitude of the laser pulse and Fr) is the envelope of the light

pulse.

From the solution (A.20), the main physics of SPM is that the phase of an optical
pulse propagating in a nonlinear medium becomes time dependent in the pulse profile,
and results in SPM. The frequency of the electric field will be continuously shifted in

time. The electric field at each given T within the pulse has a specific local instantaneous

frequency that is given by

(1) = Wo + 0 W(7), (A21)

where

9 won2 ,9Fey
6(0(1):_8'5:— oc a3 or

(A.22)
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where dw(t) is the frequency shift generated at a particular local time T within the pulse

envelope. This frequency shift is proportional to the derivative of the pulse envelope with

respect to T, the nonlinear index, and the intensity of the pulse.

The complex-field spectral profiles E(z, ®w—w) of the optical pulse after SPM
process can be obtained by computing the Fourier transformation of its temporal pulse

distribution as

E(z, ®-w,) = % JA(T,z)exp(—iweT)exp(—iwT)dT

= ﬁ [a(t,z)explio(T,z)]exp[i(® — wo)t]dT. (A.23)

The spectral intensity distribution of the pulse due to SPM induced spectral broadening is

given by
IE(z,0-00)l. (A.24)

The spectral intensity distribution of SPM has to be calculated numerically using
Eq.(A.24). A few softwares such as FORTRAN and Matlab are able to complete this
calculation. By using Matlab, this calculation is especially simple. All one needs to do is

to input the analytical solution of the light in Eq. (A.23).

A.2 Nonlinear Wave Equation of Cross-phase Modulation (XPM) for two Parallel

linearly polarized optical waves
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When more than one optical waves propagate in a nonlinear medium, one optical
wave will affect another optical wave at high intensity. A typical condition is the
nonlinear interaction for two optical waves. For linearly polarized optical waves
propagating in a nonlinear medium, these two optical waves are assumed to be parallel
polarized in the x-axis direction, and these optical waves propagate along the z-axis

direction. The total electric field can be expressed as:

- 1- . .
E(z,t)= -?:ex [A1z e i t=Biz) 4 A, (7, ()e=il@2t-P2) c.c.}, (A.25)

where Aj(z) (A2@zy), ©1 (@2), and By (B2) are the slow changing amplitude, frequency,
and propagation constant of these optical waves, respectively. This case just likes the
condition for SPM except there are two optical waves here. So, nonlinear polarization has

the same components as shown in Eq. (A.6)

Px=XE3,and Py =P, =0, (A.6)
Substituting the total electric field in Eq. (A.25) into (A.6)

Px = %X{Al (z,)e i Ot=B2) 4 A, (7, nyemil@t-B2) 4 ¢ c ), (A.26)

Expanding (A.26)

P, = %x{ Ade-3iot-B) 4 A3 e dilent-Bi2)

+ Ar3 e3i(m|t-ﬂlz) + A;3 e3i(0)zt-[322)
+3 A]2 As e-i[(2(n|+(o2)l—(2ﬁ|+ﬁz)21 +3 A’l"2 A; ei[(zw.+m2)t—(2[3,+[32)z]
+3A; A% e—i[((o|+2mz)t—([3,+2ﬂz)21 + 3A’l" A;Z ei[(o)l+2wz)t—(ﬁ,+2[32)z]
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+3 A A} e l0-ait-CB-Bz] 1. 3 A2 A, il Corwi-(2B-Bz)
+3 A’l" A% eil(-an+2m)t-(-f;+2B,)z] 4. 3 A A;Z ell(-@+2w)t—(-B,+2p,)z]
+3A%Afe ioit-Bi2) 4 3 ) AT2ei(0rt-Bi2)

+3 A% A% e it0nt=B2) + 37, AT2eil0t-Bo2)

+6 ArlAz e-iot=B2) + 6 ATIA P eilnt-Pi2)

+6 Al A1l emi(@t=B:2) 4. 6 A3 | A2 eitwat=B;2)), (A27)

Keeping only the terms synchronized with ®; and ®; in Eq. (A.27), one obtains

Pyx(z,t) = Px1(z,t) + Pxa(z,1), (A.28a)
Py (zt) = %x JA, el + 2|A el Apei@t-Bi2) (A.28b)
P,o(zt) = %x A el + 21 A eolf) Ag e~ 1(@2t=B22) (A.28¢c)

where P, and P, , are the nonlinear polarizations at frequencies ®) and w, respectively.

Substituting Eqs. (A.28) into Eq. (11.22) and separating the equations which describe the

propagation of the optical waves at different frequencies ®) and 3, one obtains the

nonlinear wave equations for XPM process:

aalzn + vl aalA&tl k(Z) aa: \] _ mlcn2 (l A 1|2 +2|A 2|2 )A], (A.292)
gl
g2

where g; is the group velocity for the wave i, k;(2) is the group velocity dispersion for the
wave i, and np=3x(3)/8n is the nonlinear refractive index, The first terms in the right sides

of Egs. (A.29) are SPM terms and the second terms are the XPM terms. Egs. (A.29) also
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show that XPM terms are twice larger than SPM terms for two optical waves at the same

linear polarization state.

In the most general case, numerical methods have to be used to solve these
nonlinear coupling equations. However, the analytical solutions can be obtained when the

group velocity dispersion temporal broadening can be neglected. In this case, the

nonlinear wave equations are

A, 1 9A)_;oiny (A2 +21A,1%)A,, (A.30a)
0z vy Ot c
0A; 1 9Ag _ @20 4 2014 12)A,,. (A305)
dz vy, Ot c

By changing the variables with:

T=t—2z/vg, and z'=z, (A31)

where t is real time, and 7 is defined as the pulse local time. Therefore, one has

dt/dt=1,01/dz=~1/9g;and
oz /oz=1 dz' /9t =0, (A.32)

substituting (A.32) into next variable change relation, one has

d _o0ddt, ddz _d

58; 535; %g—ag’ 0 o
z' T 1

oz 0z 0z 0tdz 0z ©¥goT (A-330)
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putting (A.33) into nonlinear wave equations (A.30), they are

0 1 0 1 a O)]nz

=330 5 50 —)A, = (AP +21A,12)A,, (A.342)
gl gl

a_az__-él_% ﬁl aaT)A2 -1(‘)2“2 (1A,12421A,1)A,, (A.34b)

gl g2

ie.
aa‘:l '“2 (A2 421A,12)A,, (A.352)
0A, 1 aA2 ;@021 2 2

< 4 = (1A, 17 +21A,17)A,, A.35b
% (ﬁg2 ﬁgl) 5 (A2 17)Az (A.35b)

Since z'=z, the equation can be expressed as

8;\1 =i0)]n2 (IA |2 +2|A2|2 )A] (A.36a)
Z C
aAz 1 aA2 (!)2“2 2 2

+ 2 (1A, 12 421A,2)A,. (A.36b)
> ( e ﬁgl) ™ A 2 1 2

By denoting the slowly changing envelope and phase of the pulses with A and o,

we obtain:
Aj(rz) = alt.2) eia;(r.z) and Az(‘t,l) = A2(r.2) eiaz(t.z). (A.37)

Substituting (A.37) into Egs. (A.36), one has

0z

(a?+2a?)a e'™, (A.382)
i 5
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...a_. L_-l_i i(lz =1
{az+(ﬁg2 ﬁgl)at}(aze )=i

wan,

. day; .. :,004 .N i
el —l4jg it =t = j= 2 (af +2ad)ae’,
oz oz

. Oday . i, 0002 1 1 . day

l(lz_+ 1002 + —_— 1002

T e WA =
W20,

=1

(a3 +2af)azei®,

(A.39) can be simplified as

daj ,. doy_.0iN;,
g = =i ]cz(a12+2a%)a1,

aa : | oz 0 0 0

ar 1 1 az . ol2 1 1 o2
<4 - + + -

oz (ﬁgz ﬂgl) ot 12| 0z (ﬂgz ﬁgl) ot }

. 20N
= l——zc-l(a%+2a%)az,

separating the real and part, Eqgs. (A.40) reduce to

daj

dai _p,

aaz

o ®
a—zl=—c'-n2[a12+2a%],
aaz+( 11 )aa2=0’
0z Vg2 Vgl o1t
doz _ M
-—a-;g-=—fn2[é%+2a]2],
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(a3+2af)aseio?,

.9
+ iazel(xz _23.)
ot

(A.38b)

(A.39a)

(A.39Db)

(A.40a)

(A.40b)

(Adla)

(A.41b)

(Adlc)

(A.41d)



where T=(t—2/ vg|)/ To is the local time and 7T, is the 1/e pulse duration. In

addition, Gaussian pulse shapes are chosen at the input z=0:

.2
Ajtrz=00= Aye "’ 2, (A.42a)

2
A2 (t,2=0)= A20 e—(f"‘td) ,2, (A.42b)

where Ao and Ajg is the input peak amplitudes of the laser pulses, and T4=ty/t, is the
normalized time delay between pulses at z=0. With these initial conditions, the equations
of the amplitudes and phases of the optical pulses after propagating in an optical fiber
with length z can be solved as following. To solve equation (A.41c), one has to change

the variables with

, 1 1 ,
T=1-2(—-—)/19,, and z'=z, (A.43)
Vg2 Vgl

where t is local time. Therefore, one has

T 19T =1, 9T /92 = —(——— -} and
Vg2 Vgl

0z'/0z=1 0dz' /ot =0, (A.44)

substituting (A.43) into next variable change relation, one has

o, dor_ D

2
A T 1
% 929z ooz 32 ‘vg vg 9T (A430)
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putting (A.44) into nonlinear wave equation (A.41c), that is

 ,1 1.0 ,1 1.0

{a,-—( - )a,+( - )a.}az=0, (A.46)
Z Vg2 Vgl OT Vg2 7vg 07

ie.

0

=7a2=0. (A47)
0z

The solution of (A.47) is:

a(z,1) = C(1')s (A.48)

where ¢(¢') can be determined by initial condition (A.42b) as

cry=Age~ (T2, (A.49)
the solution of the amplitude for the second optical wave is

ax(z wy=Az0e”(T"W72, (A.50)

using propagation distance z and pulse local time T, substituting (A.43) into (A.50), the

solution is

1 1
az(z,ty=A20exp{~[T— Z('D—z- - u_) /To—1a)?/2). (A.51)
g2 gl
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1 1
defining that Ly = To/ (—— ———) as a walk-off length, (A.51) can be expressed as
UgZ Ug]
axzn=Aexp{-[t—z/Ly—141*/2}. (A52)

Equation (A.41a) can be solved with solution as

aizn=A10exp(—t2/2). (A.53)

The nonlinear phase changes of the two optical waves can be calculated through the

equations (A.41c) and (A.41d), the solutions are integrals such as

YA
)
Olizr) = | ?'nz[a,2 +2a3ldz, | (A.54a)
0
Z W,
o2zt = | Fnz[a% +2a?ldz, (A.54b)
0

substituting the solutions of amplitudes (A.52) and (A.53) into (A.54), the nonlinear
phase can be calculated. Putting all the solution together, the amplitudes and phases of

two optical waves after XPM process are

alzn=A10exp(-1%/2), (A.552)
1 1
a2z )=A20exXp{—[T—-z(——-—) /10— 14 ]2 12}, (A.55b)
Vg2 Vgl
oyt z)= %nzZIlo e"‘2 + Zﬁ%nz Lwl2o
* [CI'f(T - Td) - Cl'f('l' - Td— '—Z")]. (A.55¢c)

W
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@ (T s 2 ()]
o2 (1T, 2)=—C2-nzzlzoe(T 19—2/Lw) +2«/1€——2n2Lw120,
C

* [erf(z) — erf(t — —=)],

w

(A.55d)

where Ij0 and I3g are the input intensities of the laser pulses, and Ly=To/(1/vg}-1/vg2) is

defined as the walk-off length. Eqgs. (A.55) give the nonlinear phase changes for laser

pulses propagating in a nonlinear medium. This phase modulation will generate new

frequencies as SPM does. The first terms on the right-handed side of Eqgs. (A.55¢c and

A.55d) are the SPM induced phase changes which will broaden the spectrum of the

optical pulse itself. The second terms on the right-hahded side of Egs. (A.55c and A.55d)

are the XPM induced phase changes which will broaden the spectrum of the other

copropagating optical pulse. The nonlinear phase change coefficient of XPM is twice of

the SPM. The instantaneous nonlinear frequency changes are obtained by differentiating

the phase changes in (A.55¢) and (A.55d) according to

S w(r) =—do./ at.

The instantaneous nonlinear frequency changes are:

. [0 z W L
AW (1, 2) = 2-C—]n2110—-1?e"‘2 +4—]nzlzo—w

T0 Cc To

2 2
*[(T—1g)e (" = (T—1g—2/ Ly)e (Tre-2/Lw)7),

1) Z A 2
Aw2 =222 1 1o (T — 74— 2/ L,)) e F-7a=2/Lw)
+42)c—2n2 Izo-I;;ﬂ[’te'"‘2 —(T—2/Ly)e L3,
(o]
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where Awj=w-0; and Awy=0—-07. The first and second terms on the right-handed side of
Egs. (A.56) are the contributions of SPM and XPM, respectively. The XPM induced
frequency change is twice of that induced by SPM. The XPM induced frequency shift

also depends on the initial optical delay T4 and the walk-off distance L. Finally, the
spectral profiles can be studied by computing the Fourier transform as shown in Egs.

(A.23) and (A.24).

A.3 Nonlinear Wave Equation of Cross-phase Modulation (XPM) for two

Perpendicular linearly polarized optical waves

For two optical waves which are linearly polarized at the perpendicular direction,
the nonlinear wave equations for XPM are different. Assuming these two optical waves

are polarized at the x- and y-axis direction, respectively. the total electric field is:

- 1 . - ) -
E(z.t)= E{Ax(z,t)e'(m"t_ﬁxz)ex +Ayznel@t-B2ey}+cc., (A5

the nonlinear polarization can be calculated through all the non-zero components of the

third order suceptibility for an isotropic material;

Pyx= kaff}k EiE;Ex
ijk

= xxxxx Ei + Xxxyy EX E?I + nyyx Ex E?; + Xxyxy Ex E2; (A.58a)

Py= %X(y?}k EiE;jEx
ij

= Xyyyy B3 * Xyyxx By B3 + Xyxxy By EX + Xyxyx By E3. (A.58b)
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substituting (A.3) for the values of the third order suceptibility tensor into (A.28), we

have
Px = X(Ei + Ex E%), (A.59a)
Py = X(E; +EyE3). (A.59b)

Substituting Eq. (A.57) into (A.59) and expanding Px and Py, one has

Px= %X{[Ax emi(t=B,2) 4 A* gilant-B,2) 3
+[Ay e iont-Ba) 4 Al el@t=B,2)] [ Ay e—i(o,t-B,2) 4 A; ei(0yt=B,2)12)
= %X{ A3 g 3iont-B2) 4 p¥3e3int-B,2)
+3A2 A% emi@xt=B.2) 1 37, AX2gilwit-B,2)

+[AX e-i(mxt—sz) + A; ei(mxt—sz)]
H[AZe 2B 42 Ay AT+ AT 2H0r-B]

= -;-X{Ai e—3i(th—B,‘Z) + 3A§ A: e—i(m"t—sz) + 2 Ay A; Ax e—i(wx[_sz)

+A} A§ e-i(@xt=4P2)} 4 ¢ c., (A.60a)

Py = %x{[Ay e—i(a),t—Byz) + A; ei(m,t-Byz) ]3
+[Ay e—i(myt'_ByZ) + A; ei(myt—ByZ)] [Ax e—i(m,t—sz) + A; ei(m,t—ﬁxz) ]2}
= -;-x{ A; e di(w,t-f,2) 4 A;3 eJi(ayt-py2)
+3A§ A; e—i(wyt—ByZ) + 3Ay A;Z ei(myt—ﬁyz)
+[ Ay e—i(m,t—Byz) + A; ei(wyt-B,Z)]
HAZe 2iot-B2) 424, Al + A2 elilont-B2)])
1 i : y
= gx{ A:;’, e3iloyt-B,2) 4 3 A§ A; e-i@yt-B2) 4 2 A A; Ay e-i(@yt-B,2)
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+AyAleTi@ai) e c,, (A.60b)

keeping only the terms synchronized with wy and wy, one obtains

2 . .
Py (z,t) = %X {(le(z.t)Iz + §|Ay(z.t)|2)Ax + Ag(z.l)A; (“)e—12ABz} e"'“""t,(A.6la)

Py(z,t) = -Z-x {(IAy(z.l)|2 + %lA,‘(z.x)F)Ay + Ai(z.n)A;(z.u)eiZABz} e"imy" (A.61b)

where AB=f4-By. For two optical waves at the x- and y-axis direction the nonlinear wave

equations can be-derived by the substituting the nonlinear polarization components in

Egs. (A.61) into (11.22) for different optical waves at the frequencies of @y and wy, one

obtains the nonlinear wave equations for XPM process:

an 1 an i azAx . Wx N2
+ +— k@ =i
0z vgx Ot 2 % 0t C
2 1 " i
x [(AR+ 3 1A, A+ 3 A2 A, exp(-i2AB)], (A.62a)
aAy+ 1 aAy+_i_k(2)asz=.(l)yn2
dz vy Ot 27 09¢? c
2 * \
x [(A ylz + 3 1A% Ay + %sz A, exp(i2Afz2)], (A.62b)

where AB=Px-By is the wave vector mismatch for the two optical waves. The first and
second terms in the right sides of Eqgs. (A.62) are the SPM and XPM. The XPM
coefficient is smaller (only 2/3) than SPM. The third terms in the right sides of Egs.

(A.62) are known as the degenerate four-wave mixing (DFWM) terms.
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When the frequencies of the two optical waves are not equal, means @y # @y
and the wave vector mismatch AP>>0, these terms will oscillate and then vanish. There is
no net effect in this case. Therefore, the DWFM terms in the nonlinear wave equations
can be neglected. Egs. (A.62) will reduce to the similar form to Eqgs. (A.29) except that
the coefficients of SPM and XPM are different. Using exactly the same way for Eq.

(A.29), Egs. (A.62) can be solved for which we do not repeat here.

When two optical wave are at these same frequency which is called degenerate
case. The DFWM terms is steady because of the wave vector mismatch AB=0. DFWM
processes will modulate the phase and cause the amplitudes of the two optical waves
coupling with each other during nonlinear interactions of the optical waves. In this case,
the nonlinear wave equations (A.62) can not be solved analytically even when the GVD

terms are neglected. Numerical method must be used to solve these equations.

A.4 Nonlinear Wave Equation of Cross-phase Modulation (XPM) for two opposite

rotating circularly polarized optical waves

Mathematically, either two perpendicularly linearly polarized unit vector or two
opposite rotating circularly polarized unit vector can be used as the polarization eigen-
modes for optical wave propagating in a material. For two opposite-rotating circularly
polarized optical waves with slow changing amplitudes of E; and E; at the frequencies

of w, or w for right- and left-handed waves, respectively, the total electric field is the

superposition of the right-handed wave and the left-handed wave:

- - -

E =Ee;+Eje;
1 - = 1 - =
=E,E(cx—ley)+El-\E(ex+ley)
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1> -
=7—5(Er+El)ex +7—2—(Er—El)ey~ (A.63)
The complex expressions of the x and y components are;
Ex = —3[——-(E1 eTiot 4 B eiont 4 ¢ c.), (A.642)
Ey = 2\/_ ——(iEje" ™t —iEe ot +c.c.), (A.65b)
i.e.
ﬁ(El ot + B e iont 4 Bl glont 4 B glont), (A.663)
=3 \/— —=(Eje7 ot — E e it — Elelot + B glont), (A.66b)
We have:
B3 = 161\/5 (Eje-i30t 4 3E2E, el-i2t-ion) 4 3F, 2 ¢(-iot-2iog)

+E? e—3i0.),t +3 E12 E’l" e-i(.olt +6 E’l" El Er e—im,t +3 E? E’l" e(—i2m,t+i(o;t)

+3E; E’;Z eloit 4 3 E, E’l"z e(i2ant—iot) 4 3 E'l"B ediont

+3 E12 E: e(-i2oit+int) 4 6 E| E; E: e-iont 4 3 E% E: e-loft
+6 E| E| E; e'®! + 6 E| E; E; e!®" + 3 E;2 E] e(i20it+iant)
+3E, E:Z eliZot-ion) 4. 3 E, E':Z elort 43 E'l“ E’:Z e(i2Zot+iot)

+3E 3 eidon),
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E§ 16‘\/__{ E3 —31m,t+3E2E e(—2iat- "”")—3131 E2 (—iot-2iw,t)
+E3 —31m,t+3E2E e—iant 6E E]E e '“"l+3E2E e(—i20t+iont)
-3E; El enm,t +3E; E’l"2 e(lZm.t—lm,t) + 3E’;3 eBnm.t
—3E}E;e-i20ttion) + 6 E, Eyeiot - 3E2Eyeiont

+6 E; E’l" E: elort — 6E’l" ErE: et — 3E’l"2 E: eli2ant+iat)

-3E, E:z eliZot-iot) 4 3 E:z elort 4 3E’l" E’:Z eli2oxt+iont)

—3E"ei0n), (A.67b)

and

E§ E, = -16_,\/'2_ {- Ei& e diant 4 E12 E; e(—2iat-iot) 4 E; E% e(-iot-2iwt)

- E3 “3iot 4 E‘iz ET e—iot 42 E']k EiE, e—iont 3 E2 E; ¥ e(—i20t+iont)
+E) E2eiot — 3E, E2li20t-iot) _ g3 ¢dinn

-3 E12 E: e(-i2at+iot) 4 2 5 ErE: et 4 E.r’). E: e-iont

+2E; E’l* E: elot 9 E’l“ E, E: elont 4 Erz E: e(iZat+iot)

~3E, E'2e(i20-ion) 4 , E*2eiont 4 BYE*2 eli2ant+iant)

—E3eidon), (A.67c)

E2 ‘Ey= 16\/_ E3 ~3iant 4 E2E e(-2iat-iot) _ g, E2 e (—iant-2iwnt)
- E? e~diont 4 Ei2 E’l“ e~iot 9 E’l" E; Er e-iont 3 E? E,lk e(-i2ot+iant)
—E| E}2ei®! - 3E, E,? eli2ont—iot) E}3elion

+3EfE;e(-i20t+iod) + 2B, B, By e~ — E2E; el

+2E| E| E;el®! - 2E| E, E} el — E}2E} eli2oit+iant)

+3E; E:Z eli2ot—iot) 4 E, E:‘2 elort 4 E;‘ E:2 eli2oxt+iant)

+ E’:3 ei3m,t}_ (A67d)
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Substituting (A.35) into (A.29), the nonlinear polarization is

4«1/5'{E|2Ere("2i“’"’i“’") +E Efe(Ciot-2io0) 4 BfEje-ion
+ ZET EE, e~iont 4 E’l"2 Ej eloit 4 2E; ErE: e-lont 4. E% E’l‘_‘ et
+2E; B E| el + 2, EJE ¢l0 + B2 ; Pl + , ]2 glon
+E} B2 eliot+2ion), (A.682)

Py {EZ E; e(—2|(1)|t—1(1),t) —-Ej EZe( it—2it) + E2 E e—lwlt

4\/_
—2E}E|E, e" 1! — E}2E el + 2, E,E, e-iot - E2E*g-iont
+2E[ B E] 0! ~ 2E, B[] /0! - E[2; eMot+io0 + E, E[ 2o
+E; E;2eliont+2ion), (A.68b)

After simplifying (A.68) and leaving only those terms which are at the frequencies of w;

or 0], we have

Py = W—Z-{El IE; |2 e 't 4+ 21, |2 Ere ot +2F, |E,-|2 e lant

+Erll~:,I2 e~} +c.c., (A.69a)

Py=7 \/—{EHE]I emiot — 9 |E, e 1ot + 2, |, [P e-iot

—E,IE/Pe ot} +c.c.. (A.69b)

Finally, the total nonlinear polarization can be expressed as:

- - =
P = Pxex +Py€y
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=7 \/—{IEll +2IE,*} E e""”"(ex+ley)

\/—{IE,I +2IE P} E;e” 1""‘(e,(—ley)+c C.. (A.70)

i.e.

- 1 2 2 ot 1 2 2 it
PNL=Z{IEll +2|E A Er e el'*'z{lErl +2IEiI"}Ere™ " er. (AT0)

Right- and left-handed components are:

1 .
= Z “Er|2 +2|E; |2}Er gt : (A.71a)
1 .
Pi = {IE, ?+2IE, P’} E) e~iont, (A71b)

Substituting (A.71) into the nonlinear wave equations (11.22), we have the nonlinear wave

equations for XPM of the two opposite rotating circularly polarized optical waves:

0A, 1 9A, i oA, _ Oy 2 2
+ —k® = : —IAI —|Al A, (AR
oz vgratz R A R
i 2
a;‘w 1 a;:, kmaat‘;" jQiny 2 2G1A 2+ IA,IZ)A,. (A.72b)
Cc

where Aj(z,1) and A (z,r) are the amplitude envelopes of the laser pulses, and @;, @

are their frequencies. The first and second terms in the right sides of the Egs. (A.72) are
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SPM and XPM processes, respectively. The coefficient of DXPM which is 3/4 is twice of
that for SPM which is 2/3.

Assuming that the group velocity dispersion temporal broadening can be
neglected, and the nonlinear medium is not optical active, Vg|=Vgr. These equations
(A.72) can be solved by using the same method from (A.30) to (A.SS). By denoting the

slowly changing envelope and phaSe of the pulse with A and o, we obtain:

Ar(1,2) = ag(rz) €' ORD (A.73a)
AL(7,2) = ap(r,q e OLF), (A.73b)

Egs. (A.72) reduce to

aTZR -0, (A.74a)
Qac;_L ~0. (A.74b)
8aozm _ z%nz[ga +‘31a%], (AT40)
870;" = l%nz [5 ai+ g azl. (A.74d)

where T=(t—2/ 'Ugl)/ To is defined as the pulse local time and Tp is the 1/e pulse

duration. In addition, Gaussian pulse shapes are chosen at the input z=0:

2
Ag(t.z=01=qpoe” " /2. (A.75a)
AL(tz=0=aro e_72/ 2, (A.75b)
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where ajg and dyp is the input peak amplitudes of the laser pulses. With these initial
conditions, the solutions for the amplitudes and phases of the pulse after propagating in

optical fiber with length z are

AaR(t,z) = ARO» (A.76a)

aL(r,z) = ALo» (A.76b)
w 2 4

R (7T, 2) = Pt Z(g Iro + 3 ILo) 72, (A.76¢)
w 2 4

oL(t, z)= ” n2 z(-?; Io+ -3- Iro) e'72, (A.76d)

where Ij¢ and Iz are the intensities of the two circularly polarized input laser pulses. Egs.
(A.76) give the amplitudes and phases caused by SPM and DXPM processes for two
circularly polarized laser pulses propagating in an optical fiber or any other nonlinear
medium. Finally, the spectral profiles of the XPM and SPM processes can be studied by

computing the Fourier transform as shown in Egs. (A.23) and (A.24).

A.5 Nonlinear Wave Equation of Cross-phase Modulation (XPM) for two circularly

polarized optical waves at the same rotating direction

For two circularly polarized optical waves at the same rotating direction, the total

electric field can be expressed as:

- -
E =(E;+E2)e,, (A.77)

where two right-handed circularly polarized optical waves were used (we also can used

two left-handed circularly polarized optical waves, the results are the same). We have
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\/—(El +Ej),

Ey= _—ﬁ(El +E2).

for two optical waves at different frequencies, the electric fields are:

EX(ZI)—ﬁ{E]C i(0t-Bi2) 4 By e-it@at-By2)} 4 ¢,
EY(ZJ)_—m{EIC ilot-Biz) + B, g-it@at-By2)} 4 ¢ c..

Using (A.59) which is

One has

(a+ac,c.)2 =a%2+aa*+c.c,
(a+acc )’ =ad+3a%a*+c.c,

(a+ace)(b+bec)=ab+ab +ec.c,

Assuming

a=E e—i(mll_plz)'
b= E2 e—i(wzt—ﬁzz)’

one has
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(A.78a)

(A.78b)

(A.79a)

(A.79b)

(A.592)
(A.59b)

(A.80a)
(A.80b)
(A.80c)

(A.81a)
(A.81b)



1 ¥, L%
Ex@zt) = T(a +b+a +b), (A.82a)

Eyen=—7 \[—(a+b a’ —b"), (A.82b)
and
2 1 . 2
ExEj 6\/_(a+b+c.c.)( ia—ib+c.c.)
16\/_(a+b+c .C. )[(—1a—1b)2+( —ia—ib)(ja* +ib") +c.c]
16\/_(a+b+c .c)[(a+b) (a*+b"—a-b)+c.c]
(a+b) _ ok
TN, [(a+b) (a*+b*—a—b)+(a+b) (-a*—b*+a+b)+c.c]
(a+b) _ o
16«/_ [(a+b) (a*+b*—a—b)+(a+b) (-a*—b*+a+b)]+c.c
— - 2 a
= 164_[(a+b) (a+b+-a"-b")]+c.c, (A.83a)
and
3 _ 3
E; = 16\/_(a+b+c .C)
3 2
™ \/_ {(a+b)3+3(a+b)*(a+b)" +c.c), (A.83b)

substituting (A.83) into (A.59) and leaving only those terms which are at the frequencies

of ] or wy, we have

a +2/bl’b +lalPb +Ibla +c.c}. (A.84)

1
Px 8'\/5{ lal
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Substituting Eq. (A.81) into (A.84) for Px, one has

1 2 2 it
= —={[2IE,I" +IE )" Ege7i(®2t=P2) 4
Py 8«/—5{[ Eal” +IEiI"1Eze 2

. -
[2 lEzl2 +1E; 2] Eze i(@t-B:2)}e, +c.c., (A.852)

Py which is very similar to Px (only difference is 90 degree phase, i ) can be calculated

using the same method and the result are also similar as following

Py=- \/—{[2|E2I +IE; *)Ep ei(@at—2)

) -y
+ [2I132|2 +IE; 2], e~i(@2t-B,2)) ey +C.C.. (A.85b)

Finally, the total nonlinear polarization can be expressed as:

- - -
Pn = Px ex +Pyey

SV—[ZIEI' ) | Blz)(e —1ey)

8 \/— ——[2IEo” +IE P] Egei(eat- Bzz)(e —1ey)+c C.. (A.86)

ie.

> _1 : : -
Pu = S {[2IE; I +IE1E; e~0t~P@) + [21E, + |E; ] Bz e i@t -Pid)) e,

The components synchronized with frequencies at ®; and w;,are:
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P = %{zm.lz +IE,l*) By e-i(@t-B2), (A.87a)

P2= %{2|E2|2 +IEiI*} Ba (@2, (A.87b)

substituting the nonlinear polarization components in Eqs. (A.87) into (I1.22) for different

optical waves at the frequencies of ®; and w2, one obtains the nonlinear wave equation
for the XPM process of two circularly polarized optical waves having the same rotating

direction are;

0A; 1 0A i 0%A; _.any 2 1
+ k"’ L= 2(ZIA P +=1A,1P)A,, (A88
0z vy at ot? e (3 I T YA, (A88)
8A2 1 aA2 i 8 A 0)211 2 2 1 2

+ k"’ 2 = Z(Z1A,1F+=1AI°)A,. (A.88b
0z vy at ot? (3 20 3t YAz (ASED)

where vg; is the group velocity for the wave i (i=1,2), ki(? is the group velocity
dispersion for the wave i, Aj is the amplitude envelope of the optical wave i, ®j is the
frequency, and ny=3x(3)/8n is the nonlinear refractive index. The first terms in the right
sides of Eqs. (A.88) are SPM terms and the second terms are the XPM terms. Eqgs. (A.88)
also show that SPM terms are twice larger than XPM terms for two optical waves at the

same circular polarization state.
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