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| Abstract

This thesis discusses theoretical and experimental investigations of modelocked
fiber ring lasers as well as the development of an interferometric autocorrelator. Various
modes of pulsed operation are investigated for two types of passively modelocked fiber

~ lasers. Further, the tunability of an actively modelocked fiber laser is investigated.

" Generation of bound solitons, bunches of solitons and noise-like pulses were
6bserved for both a stretched additive pulse modelocked (APM) erbium doped fiber

(EDF) laser and a figure-8 nonlinear optical loop mirror (NOLM) EDF laser.

The stable operation of a high repetition rate, dispersion-tuned, harmonically
" modelocked EDF laser is also reported. Tunable multi and single wavelength operation

was dbserved over the gain-bandwidth of the EDF.

An interferometric autocorrelator based on second harmonic generation (SHG) in
a nonlinear crystal was successfully implemented. For pulses generated by the actively
modelocked fiber laser, pulse ' width and chirp were characterized using -this

autocorrelator,

‘Based on the work described, significant insight was gained, and

recommendations are made regarding future work in the area of modelocked fiber lasers. -
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1 Introduction

“When the first lasers were operated, I and other scientists close to the research were surprised at how
easy it turned out to be. We had assumed that, since lasers had never been made, it must be very difficult.
But once you knew how, it was not at all difficult. Mostly what had been lacking were ideas and

concepts.”
- Arthur L Schawlow, 1981 Nobel Prize for Laser Spectroscopy (Bertolotti, 1983)

The development of the LASER (light amplification by stimulated emission of
radiation) was the first important step in the establishment of the fiber optics industry.
Lasers are the basic building blocks for the generation of short light pulses. Since the
invention of the laser in the 1960s, the duration of the shortest pulse has shrunk by six

orders of magnitude, going from the nanosecond (10'9 [s]) regime to the femtosecond

(107" [s]) regime. Pulses in the femtosecond (fs) regime are referred to as ultrashort
pulses and they have revolutionized many areas of research, some of which will be
~ discussed later in this chapter. First, some of the highlights in the progression of short-

‘pulse generation since the advent of the laser in the early 60s are discussed.

1.1 Historical overview

The first laser was realized by Maiman in 1960 and was based on a ruby crystal
pumped by a Xenon flash discharge. It created a laser pulse of fluctuatiﬁg intensity
lasting between a microsecond (10'6 [s]) and a millisecond (10'3 [s]). Later that year,

- Javan “made the first Helium-Neon (He-Ne) laser. This was the first laser to emit a

steady beam, a so-called continuous wave (CW) la_ser.

Other researchers saw the potential in Maiman’s work and decided to take steps in
furthering this research. They began incorporating different substrates and rare earth ions
such as Erbium (Er), Neodymium (Nd), Ytterbium (Yb), Holmium (Ho), Praseodymium
(Pr) and even Uranium. This lead to the invention of the Neodymium - Yttrium

Aluminum Garnet (Nd-YAG) laser in 19641,

In 1961 Hellwarth ! proposed the concept of Q-switching, a process in which the

laser is forced to emit pulses with duration on the order of several times the round trip

propagation time of light in the laser cavity.
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Next came the proposal of achieving shorter pulses by the concept of
modelocking. By constructive interference, a short pulse is formed when many
longitudinal modes are held in phase in a laser resonator. There are various techniques
that have been employed, usually grouped under two categories: “active” or “passive” -
modelocking. Active modelocking uses a modulator inside the laser resonator, whereas |
pass'ive schemes use a saturable absorber, often a thin semiconductor film, to lock the
relative phase. Active modelocking of a He-Ne laser was first demonstrated by Hargrove
et al. ®! in 1964. The pulse duration was well above 1 ns since the gain profile of the
active Ne atom is narrow. Shortly after in 1965, Mocker and Collins [ showed that the
saturable dye used for Q-switching of ruby lasers could also be used to modelock these
lasers. They demonstrated the first case of passive modelocking. Then in 1966, Demaria
et al M achieved pulses shorter than Ins by modelocking an Nd-glass laser. The first
pu]sés shorter than 1 ps were obtained by Shank and Ippen ®1in 1974. They demonstrated
the first femtosecond (300 fs) pulses using a tunable broad gain dye laser media in

combination with a saturable dye absorber.

The early 80s saw two important advances in the generation of stab]é
femtosecond pulses. First'.came the novel modelocking technique known as colliding
pulse modelocking (CPM), which was discovered by Fork et al. ®1in 1981, This enabled
sub-100 fs pulses to be produced by a dye laser. The second advance occurred in 1984,
when Fork et al. "% showed that the group velocity dispersion (GVD) within the laser
cavity could be continuously adjusted and optimized by introducing a prism sequence
‘into the cavity. In 1985, Valdmanis et al. "' reported pulse durations as short as 27 fs
from a CPM dispersion compensated dye laser. In 1987, Fork ez al. (12 reported a
repetitive train of 6 fs pulses employing similar GVD compensation.

In the mid 80s, while the battle to achieve shorter pulses continued and new

[13]

modelocking techniques were being developed, Mollenauer **** came up with the soliton

laser. The soliton laser consisted of two cavities; one cavity consisted of a synchronously
pumped, modelocked colour center laser, which is coupled through a semitransparent
mirror to the second cavity. The second cavity'consisted of a length of single mode
polarization maintaining fiber, and a beam splitter, microscope objective combination,

which was used to couple the colour center laser into the polarization maintaining fiber,

-2
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as shown in Fig.1.1. The operation of the laser was later explained by Haus et al. "%,

as an interference phenomenon between the pulses circulating in the two sub-resonators
and their summation at the semitransparent mirrors (Mp). Through proper phase
matching, a net pulse shaping is produced analogous to that of a saturable absorber. This

process was called additive pulse modelocking (APM).

SINGLE MODE,
POL PRESERYING
FIBER OF LENGTH L

-
BALLLLE

SYNC - PUMPED,
MODE LOCKED
COLOR CENTER LASER

o ! ol
] = (L4
N 1 °F B M3
o s OUTPUT
— g A~ 16um
AZy

BIREFRINGENCE
TUNER PLATES

Fig. 1-1: Schematic of the soliton laser. Typical reflectivities: M, ~ 70%, $~50%, (M;, My, M; ~
100 %). Birefringence plates: sapphire, 1 and 4 mm thick[13].

~ The 1980s also saw a reneWed interest in solid-state laser media. This.vled to the
development of the Titanium Sapphire (Ti-Sapphire) laser by Moulten 1161 in 1982, The
broad emission spectrum showed potential to support light pulses of only a few
femtoseconds in duration. In 1991, Spence et at. U7 discovered that these lasers can be
modelocked without the use of a saturable absorber. This modelocking technique was
termed “self-modelocking” or “Kerr-lens modelocking” (KLM). This modelocking
technique led to the demonstration of 6.5 fs pulses from a Ti-Sapphire laser by Jung et al.

[18in 1997,

The foundation for fiber lasers was laid in the 1960s, when researchefs started
experimenting by incorporating rare earth ions into glass hosts. Early work focused
mainly on Neodyn{ium doped silica fiber Jasers. Doping of silica fibers with Erbium ions
was not achieved until the 1980s. Since that time Erbium doped fiber lasers (EDFL) have

received much attention because of the lasing wavelength of 1550 nm, which coincides
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with the low loss window of standard fiber. The first EDFL was reported by Mears et al.
91 This was the first observation of CW lasing of a three level system at room

temperature. They also demonstrated the first Q-switched operation of an EDFL using an

intracavity acousto-optic modulator. They were able to produce 60 ns pulses.

Development in the field of EDFL has been continuously growing since the first
demonstration in the mid 80s. The performance and the pulse characteristics of EDFLs
have been significantly improved, by employing various cavity configurations (200 and
modelocking techniques (21 pulse duration as short as 63 fs was achieved by Tamura et
al. *¥ using a “stretched pulse” APM EDFL. The stretched pulse technique is a process
in which sections of negative and positive GVD fiber are used within the cavity to
compensate for dispersion, similar to the technique proposed by Fork et al. for

continually adjusting the GVD.

The achievable pulse width and energy from a fiber laser are not nearly equal to
that of a Ti-Sapphire laser, however they do have many advantages that have motivated
significant research over the past 20 years. Among the numerous advantages of fiber
lasers are low losses and the possibility of pumping with compact, efficient diodes. The
fiber itself provides the waveguide; hence the need for bulk optics is minimized. These
lasers are also easily modelocked because of an enhancement of fiber nonlinearities due
to high intensities and long interaction length. Fiber lasers are compact, robust and
inexpensive sources of femtosecond pulses with numerous applications in the field of

optics.

1.2 Applications of short pulsed lasers

Pulsed lasers have numerous applications in both research and industry and their
uses are expected to broaden. These applications vary depending on wavelength, power
and pulse width. Short pulse duration and high peak powers are the .two main
characteristics of ultrashort laser pulses that have been useful in the analysis of materials.

| They allow for time resolved experiments in which the transient response of materials

(231241 Babrication of passive integrated optical devices is

can be observed on a [fs] scale
another area in which pulse lasers are being employed. Femtosecond lasers have been
shown to directly induce large refractive index changes in glasses and other dielectric

-4-
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materials ®*), Hence they have been used for fabrication of optical devices, such as Bragg

[26][27] [28]

gratings and"optical waveguides

With the imminent arrival of practical, compact and cost effective femtosecond
laser sources, real world application of ultrashort laser pulses in communications systems
has become very likely. Short pulse lasers are ideal for use as sources in all optical
switching based on the third order nonlinear Kerr effect, as they provide the large
intensities that are required. Since the Kerr effect is an intensity dependent process, the
device transmission is intensity dependent. The optical beam itself induces the switching
depending on its intensity (29952 The large spectral bandwidth offered by short pulse
lasers also makes them ideal for wavelength division multiplexed (WDM) and time

division multiplexed (TDM) networks (331,

1.3 Project objective

There is great incentive to develop a new generation of femtosecond lasers that
are compact, robust and easy to operate. High power fiber laser technology is considered
to be a prime candidate for the transformation of ultrafast lasers from a scientific tool into

an industrial tool.

Laser systems employing doped fibers provide certain advantages over
conventional solid-state lasers. Fibers are flexible and can be rolled up into a tight spool
making it possible to construct a very compact package. Additionally, the laser light is
confined to the core of the fiber, providing a well-controlled beam shape. These lasers are

also well suited to ultrafast applications, as they have a large amplification bandwidth and

can be mode-locked to generate ultrashort pulses.

The objective of the current project was to realize and study modelocked fiber
ring lasers. To this end the theory and experimental results of modelocked fiber ring
lasers, given in literature, were tested. As well, the different modes of operation of fiber
ring lasers were investigated. Additionally, an experimental facility for charactering

femtosecond pulses was established.

-5.
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This thesis outlines the design, implementation, and characterization of two- -~
stretched APM erbium doped fiber lasers, an actively modelocked fiber ring laser and an

interferometric autocorrelator for the characterization of femtosecond pulses.

14 Thesis layout

Although several interesting concepts were investigated and many expen'ménts

. carried out in the lab, only the issues directly related to the objective“ of the project will be

discussed, therefore limiting the writing to six brief chapters.

Chapter two and three provides a brief discussion of the laser theory that is

relevant to the experimental part of the thesis. Chapter four and five discusses the

experiments carried out towards the objective and the results from the experiments, -
respectively. Chapter six presents some concluding remarks and suggestions for some
" future work on this project, followed by a list of references and appendices with project

related support information.

R
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2 Theoretical aspects of short pu“l__se lasers

2.1 Basic laser theory

~ There are a number of interesting principles that come into play in the operation
~ of the modelocked Erbium doped fiber laser. This chapter briefly introduces the main

principles relevant to understanding the operation of such a laser.

The generation of light in an Erbium doped fiber (EDF) can be described using a
three level lasing model, since the Er** ions exist primarily in one of three energy levels
(Fig. 2-1). The energy levels are labeled with respect to the ground level E,. E; is the
metastable state, where the term metastable implies that the lifetimes for transitions from
this state to the ground state are very long compared with the lifetimes of the higher
energy states. E3 is the pump level; the pump band is fairly narrow, and so the pump

wavelength must be exact to within a few nanometers.

Energy
F 3 )
Pumpband
[rizsasinsizsiy] ‘
1 A 2 \%Dmadiaﬁve decay
B2 ‘ Metastable ox excited state
= 4 5
A1 &g
g §l8 A =8
] A
£ |Ris i 5 3 B 1s50mm
L “1° ” @y -1 photons
] M | A 12 @ SN
980 1om g W
‘photon 1550 zum” N Pa¥a Ta “aVavay ~
I e 2
Ground state

Fig. 2-1: Simplified energy-level diagram of various transition processes of Er** ions in silica glass
[34] : :

Typically, a pump laser emitting 980-nm photons is used to excite ions from the
ground state to the pump level (process 1). These excited ions decay (relax) verybquickly
(typical delay time is lus for Er in Silicate glasses) from the pump band to the metastable

band (process 2). During this decay, the excess energy is released as phonons (or
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equivalently thermal energy) in the fiber. Within the metastable band, the electrons of the
excited ions tend to populate the lower end of the band due to thermodynamic
considerations. Some of the ions sitting at the metastable level can decay back to the
ground state in the absence of an external influence (process 3). This process is known as

spontaneous emission and adds noise to the system.

When a signal photon with energy corresponding to the band-gap energy between
the ground state and the metastable state passes through the system, two other types of
transitions take place. First, it is possible for photons to be absorbed by ions in the ground
state, which raises these ions to the metastable level (process 4). This is known as
stimulated absorption. Second, a photon can trigger an excited ion to drop to the ground
state, thereby emitting a new photon of the same energy, wavelength and polarization as
the incoming signal photon (process 5). This process is known as stimulated emission and
it is the mechanism providing amplification in an EDFL. The widths of the metastable

and ground state levels allow high levels of stimulated emission to occur in the 1530-to-

1560 nm range.

2.2 Basic laser resonator configuration

Amplification of light in a section of pumped EDF is achieved by feeding the
output back into the input of the EDFA to form an optical resonant cavity. Allowing
some -of the light within the resonator to escape as usable light results in a potential

source of EDF laser light.

There are two basic resonator designs for fiber lasers, the traveling wave ring
resonator ! and the standing wave Fabry-Parot resonator B3 This section will focus on

the traveling wave ring resonator depicted in Fig. 2-2.

It should be noted that there is no external input signal (at the lasing wavelength)
applied to the cavity, although external pump'light is injected. The lasing signal is
essentially initiated by a small amount of spontaneous emission created upon initial
pumping. If the gain and phase conditions are met, lasing within the cavity will occur,

producing continuous light.

-8-
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Fig. 2-2: Traveling wave ring resonator.

2.2.1 Gain conditions for laser operation

For a traveling wave ring resonator, the round trip gain must be equal to"vor greater
than the round trip losses. The minimum gain coefficient value yy, required for lasing is

“given by (331,

Yui =L——l—— - 2.1)

where: R = effective fractional power reflectivity of the coupler or (R = I-C), C = output
power coupling ratio, L = the total lumped fractional intensity loss per round trip, [ = the

total round trip distance (one round-trip equals the total ring circumference)

2.2.2 Phase condition for lasing

The phase requirement for laser operation is that an intéger number of resonating
wavelengths must fit within one round trip of the laser’s resonarit cavity. For an EDF ring
laser, since the length of the cavity is very long relative to the resonant wavelength, there
are many wavelengths, referred to as longitudinal modes, which satisfy the phase
condition. | '

For a multi-longitudinal mdde operating ring resonator, the expected frequency

spacing df between modes is given by:

df =< L 2.2)
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where c is the speed of light in vacuum, n is the optical refractive index and [ is the cavity

length (ring circumference).

The typical amplification range (gain bandwidth) for EDF spans over 30nm, from
1530 nm to 1560 nm as depicted in Fig. 2-3, implying that many longitudinal operating
modes can possibly satisfy the gain and phase conditions for lasing. Hence EDF lasers
have the potential to be highly multi-mode lasers. The light generated within each mode
is coherent (intra-modally coherent) but it is incoherent between different modes (inter-
modally incoherent). Each of these modes oscillate independently, with no fixed
relationship, in essence like a set of independent lasers all emitting light at slightly
different frequencies. The individual phase of the light waves in each mode is not fixed

and may vary randomly.

Gain Curve

I | T 1 !
1530 1535 1540 1545 1550 1555 1560
Wavelength (nm)

Fig. 2-3: Gain curve depicting the many longitudinal modes that could satisfy the gain and
phase requirements for lasing. AA ; is the wavelength spacing between modes.

For a continuous wave laser, this multi-modal behavior is undesirable and various
measures °% can be taken to ensure that the laser operates at only one of the many
possible longitudinal modes. Modelocked lasers take advantage of the large gain
bandwidth and this multi-modal behavior to produce ultrashort, high-energy pulses. If
instead of oscillating independently, each mode operates with a fixed phase between it
and the other modes, the modes will constructively interfere with one another, producing

intense bursts ‘or pulses of light. Such a laser is said to be modelocked. The main
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teéhniques used for modelocking fiber lasers will be discussed in Chapter 3. First, a few
other important concepts that are important for a complete appreciation of modelocking

are discussed.

2.3 Dispersion

A dispersive medium is characterized by a frequency-dependent refractive index,
absorption coefficient, and phase velocity, so that plane waves of different frequencies
travel in the medium at different velocities and experience different attenuation. Since a
pulse of light is essentially a sum of monochromatic waves of varying frequencies
(through Fourier theory), each frequency component is modified differently as it

propagates in a dispersive medium.

If a pulse is characterized by a spectral width AAg, then each wavelength
component will propagate with a unique group velocity, resulting in temporal broadening
of the pulse. This is called group velocity dispersion (GVD). For a Gaussian envelope

pulse, the amount of temporal broadening is given by [37]

1
212 |
7(2) =17, 1+£i] 2.3)
Z
, 0
Cﬂfg :
Zy=— | (2.4)
4P,

whgre z is the propagation distance, Ag is the center wavelength, To is the pulse width,
and D;, is’ the material dispersion (GVD). If Dy, > 0, the GVD is said to be anomalous and
if Dy < 0 the GVD is said to be normal.

If the instantaneous frequency within the pulse envelope changes with time as a
result of GVD, such a pulse is said to be a chirped pulse. If an unchirped pulse passes
through a medium of normal GVD, the instantaneous frequency becomes higher towards

the trailing edge of the pulse. Thus the leading edge of the pulse has a frequency lower

than the center frequency (downshifted) and the trailing edge has a frequency higher than
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the center frequency (upshifted). In other words, the higher frequencies arrive later than

the lower frequencies. Similarly if an unchirped pulse passes through a medium with

anomalous dispersion, the leading edge of the pulse will be upshifted and the trailing

edge downshifted. So the overall effect is a broadened chirped pulse (Fig. 2-4).

Iy 7.9
Z=L

| R | AAmnnB\f\ﬂMJ\AMMMWW

-1

Fig. 2-4: Calculated temporal variation of the electric field of an optical pulse as it propagates along a
length of fiber with anomalous dispersion. Note that as the pulse broadens in the time domain it also
gets chirped. (see Appendix B for details on calculations)

A chirped pulse can be compressed by propagating it through another linear
- dispersive medium but with dispersion opposite to the first medium. However, using

dispersion alone, a Gaussian pulse can only be compressed to a minimum pulse width

given by [37]

Ay A2 25
min Aw
f

Aw, =232 ‘ - 26)

f 7y ‘ | |

For a given spectral bandwidth (Awy), the minimum pulse width can be calculated
using the time-bandwidth product (TBP). For a Gaussian pulse the minimum TBP is

0,441 and for a hyperbolic secant pulse (sech) the TBP is 0.315 (641 Pulses with a time-
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bandwidth product close to the minimum value are said to be “transform-limited”. Refer

to. Appendix A.2 for further details.

To compress a pulse to Atyin, the following conditions must hold:

&L =—aL %)

“Herc,v o and L’ are the dispersion and length of fiber used to compress the pulse,

fespectively, and o and L are the dispersion and length of fiber that lead to the broadened

pulse.

Fig. 2-5: Compression of a chirped pulse as it propagates through a linear dispersive medium. After
compression to a minimum width, the pulse again undergoes broadening. (See Appendix B for
calculation details.) .

If the compressing fiber is longer than specified by (2.7) then the pulse will start
to broaden again (Fig. 2-5). As mentioned earlier, a pulse cannot be compressed below
the minimum pulse width given by (2.5) using linear optical effects (such as dispersion).
However, further compression can be accomplished by first broadening the spectral
content of the pulse (without any temporal broadening) and using dispersion of the proper

' sign; The effect of broadening the spectrum without broadening the temporal width is a

nonlinear process called self phase modulation (SPM), which will be discussed in the

next section,

-13-
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?2 4 Nonlmear Optlcs

The response of any medium is nonlinear for sufficiently mtense electromagnetic
fields. The induced polarization (P) (associated with the electric dlpoles) 1s no longer

linear in the electric field but becomes (381,

P=8§(Z(I)E+Z(Z)E2 +x(3)E3) .G -

where & is the vacuum permittivity, E is the eleétric field, and % ® G=1,2...) is the j"
order susceptibility. The first term (), " E) in (2.6) represents the linear response and is
the dominant contribution to P. Its effects are included through the refractive index and
the attenuation coefficient . The second term (x PE? represents the second order
response and is responsible for nonlinear effects such as second harmonic generation and
sum-frequency generation **), The third term (% @ E%) represents the third order nonlinear
response and is responsible for phenomena such as third harmonic generation, four-wave
mixihg, and nonlinear refraction ®°. Most of the nonlinear effects in optical fibers
originate from nonlinear refraction, a phenomenon that refers to the intensity dependence

of the refractive index. This effect is known as the optical Kerr effect.

2.4.1 Intensity dependent refractive index (optical Kerr effect)
| The intensity dependent refractive index derives from the third order
- susceptibility and is given by (2.7) |

n(l)= o + 1121 2.9)

where n is the linear refractive index, I ~ |E[? is the optical intensity and ny is the

nonlinear index coefficient (the optical Kerr coefficient).

Many phenomena arise from the linear variation of refractive index with intensity;

of particular interest to the work described here is self-phase modulation (SPM).

S14-
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2.4.2 Self phase modulation (SPM)

The intensity dependent refractive index has a direct effect on the spectrum of any
~optical pulse, because the pulse has a time varying intensity. The propagation of a pulse

described by the slowly varying amplitude approximation is given by [41]
E(L1)= -;—[A(L,t)ej(“""_“)] (2.10)

where A(L,t) is the slowly varying envelope and L is the length of the Kerr medium.
27 (ny +ny1(t)) L= 27nyL N 2z, I(t)L

% A %

nonlinear phase shift caused by SPM.

- Further KL= ; the second term represents the

SPM is a phenomenon that leads to spectral broadening of optical pulses as a

result of the time dependent nonlinear phase shift. A temporally varying phase implies
~that the instantaneous optical frequency differs across the pulse. The time dependence of
the different freqﬁencies can be viewed as a frequency chirp. The chirp is induced by
SPM and increases in magnitude with propagation distance ™'’ In other words, new
frequency components are continuously being generated as the pulse propagates down

the fiber. These generated frequency components broaden the spectrum over its initial
“1]

width. The maximum nonlinear phase shift experienced by a pulse is given by

2,1 L
max _ 270
¢NL —————/10 | 2.11)

where L is the pf’opagation distance, Ag is the center wavel'ength, and Ip is the peak
intensity of the pulse. The maximum amount of spectral broadening for a pulse of

duration T is given by A

ow =L L (212)

Phase modulation can be converted into intensity modulation, for example by

using "the difference between the self modulated phases of two polarization components
=15 -
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as a wave retarder placed between crossed polarizers. This is similar to what is done in

additive pulse modelocking of fiber lasers, which will be discussed in Chapter 3.

SPM is often accompanied by cross phase modulation (XPM), a phenomenon that
leads to coupling between two or more incident waves or modes through the fiber
nonlinearity. This occurs because the effective refractive index of a wave depends not

only on the intensity of that wave but also on the intensity of other copropagating waves
[38)

2.5 Birefringence

A single mode fiber is not truly single mode; even. a perfectly cylindrical single
mode fiber supports two degenerate polarization modes. Small departures from a perfect
cyliﬁdrical geometry or small fluctuations in the material anisotropy results in these
modes becoming slightly non-degenerate. Theréfore, in practice a fiber supports two
slightly non-degenerate modes that are dominantly polarized ‘in two orthogonal
directions. Mathematically, the mode-propagation constant becomes slightly different for
modes polarized in the x and y d‘irections. This is referred to as modal birefringence. The

degree of modal birefringence B is defined by %

B=Ky|n, -n,| (2.13)

where Ky = 2m/A, n, and n, are the effective mode indices in the two orthogonal
polarization states. The axis along which the effective mode index is smaller is called the
fast axis, as the group velocity is larger for light propagating in that direction. Similarly,

the axis with the larger mode index is called the slow axis.

The relative strength of the birefringence is described by the beat length, i.e. the
length of period in which the polarization state is reproduced. The beat length is given by

~ (2.14) and for standard SMF28 fiber this length is approximately 2 — 10 m at 1550 nm
. 140] ‘

L,=-Z : | 2.14)
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Elliptically pdlarized light can be resolved into its right and left hand circular
polé;rization components of different intensities.. If the light input to a fiber is elliptically
pola'rized, cross phase modulation (XPM) 1381 induces nonlinear coupling between the x
and y electric field components creating nonlinear birefringence, which changes the state
of polarization. This phenomenon is referred to as nonlinear ellipse rotation since it is

manifested as a rotation of the polarization ellipse.

2.6 Kerr ellipse rotation or nonlinear polarization rotation

Since the refractive index depends on the intensity of light, elliptically polarized
light sees an induced birefringence - the index is slightly higher for polarization along the
major axis of the ellipse. This holds back the phase of that component of the E-field, and
alters the ellipse slightly. The effect is to tilt the major axié__ of the ellipse slightly as
shown in Fig. 2-6. The effect is continuous, since there is now a new birefringence along
the new major axis. The net effect is that high intensity elliptically polarized light in a
Kerr medium experiences a continuous rotation of the major axis of the ellipse. This is

called Kerr ellipse rotation or nonlinear polarization rotation.

Another way to look at this is in terms of the right and left hand circularly
polarized light (RHCP and LHCP respectively). Consider an elliptically polarized light
made up of a strong right-handed circular light and somewhat weaker left-hand circular
Iight. The right circular light will see a slightly larger index of refraction than the left,
thus the right circular component will steadily drop back in phase, relative to the left-
circular component. The result is a slow precess of the polarization ellipse as the light

propagates !

/ N, ' |
) ' /
1\\ “ // ‘»\\%\/ : (\} 4‘,’//

. Fig. 2-6: Nonlinear polarization rotation of an ellipse as it propagates through a Kerr medium.
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3 Modelocked fiber ring lasers

Modelocking is a powerful technique for obtaining femtosecond pulses. It is a
process in which the longitudinal modes of a laser are forced into phase synchronism.

The different' modes add constructively in such a way that the laser produces a train of

a b

' 3 f . ®»

pulses. This is illustrated in Fig. 3-1.

Amplitude

2n/B
_——_—. ‘_—

Intensity
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Fig. 3-1: A set of equally spaced modes, and the inverse Fourier transform of that spectrum. In (a)
the modes have a random phase distribution. In (b), all the modes are “locked” to have a constant
phase relationship. A = mode spacing, B = bandwidth, 27/A = round trip time or repetition rate of the
laser, and 27/B = width of the burst of light [39].

The mode spacing (A) of the longitudinal modes is calculated by:

A= @3.1)

Lopl
where L, = nL for a ring cavity, L is the length of the cavity and n is the effecti?e mode
index of the' medium. The number of modes (V) supported by a cavity is dependent on

the gain bandwidth (B) and can be approximated by
N=B/A (3.2)

In order to obtain short pulses, a large number of longitudinal modes have to be
available. Therefore a gain medium with a large bandwidth is necessary. Erbium doped

fiber lasers have a gain linewidth of approximately 4 THz and are capable of supporting
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over 100,000 modes for a cavity approximately 10 m long. By comparison He-Ne lasers
have a gain linewidth of approximately 1.7 GHz, reducing the number of longitudinal

modes available by three orders of magnitude relative to the EDF lasers.

Modelocking is generally separated into two categories, called “active” and
“passive” modelocking. In active modelocking, coupling between the cavity modes is
achieved by using an amplitude or phase modulator to lock their phases. This requires
modulation of either the amplitude or the phase of the optical field at a frequency that is
an integer multiple of the mode spacing. In bulk laser cavities this is often accomplished
by the use of aﬁ acousto-optic modulator. A Lithium Niobate electro-optic modulator is |
typically used in fiber lasers. In passive modelocking, an intensity dependent loss or
dispersion mechanism (usually a saturable absorber) is used to lock the relative phase.
The theory of the passive modelocking techniques used in fiber lasers will be the focus of
this chapter. A brief discussion on active modelocking will also be given. For a detailed

explanation of the theory of active modelocking, refer to [21],[42].

3.1 Passive modelocking of fiber ring lasers

Passive modelocking in fiber lasers generally employs either a semiconductor
- saturable absorber or some form of all-fiber modelocking. In the latter case, the nonlinear
properties of the fiber act as an artificial saturable absorber. Examples include additive

{591

pulse modelocking (APM) by nonlinear polarization rotation/evolution or use of a

nonlinear optical loop mirror (NOLM) or nonlinear amplifying loop mirror (NALM) [82),

3.1.1 Passive modelocking with saturable absorber

[213,43]

Passive modelocking can be achieved by using a fast saturable absorber an

absorber for which the relaxation time is short compared to the modelocked pulse

(211441 an absorber for which the

duration, or by using a slow saturable absorber
relaxation time is long compared to the modelocked pulse duration. Fig. 3-2 will be used

to illustrate some of these concepts.

A saturable absorber is used to obtain a self amplitude modulation of the light
inside the cavity. The absorber introduces loss that is large for low intensities but

significantly smaller for high intensities. Thus, a short intense pulse produces a loss
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modulation because the hi gh intensity at the peak of the pulse saturates the absorber‘more
strc)_ngly than the low intensity wings. This results in a reduction of the loss for short
pulses, and a recovery that depends on the type of absorber used (slow or fast). In effect,
| the circulating pulse saturates the laser gain to a level that is sufficient to compensate for
losses, however any other circulating low-intensity light expefi_ences more loss than gain

and thus dies out during the following round trip.

o

Saturated
gain

 Pulse intensity

Kt)

» Time

. Fig. 3-2: Simplified schematic of a laser passively modelocked by a fast saturable absorber and time
dependent loss and net gain. Tr = round trip time [60].

Generally, very short pulses can be obtained with passive modelocking using a
fast saturable absorber. This is because the fast recovery time of the absorber results in a
fast loss modulation, which in turn results in shorter and shorter pulses each round trip
unﬁl some limit is met. One of the factors that sets this limit is the gain bandwidth; the
spéctra] range of the gain limits the range of frequencies any pulse may have and so

places a lower limit on the pulse duration (Fourier Theory).

Various semiconductor saturable absorber structures have been incorporated into
fiber lasers to obtain modelocking with simple cavity designs. For example an
InGaAs/GaAs-on-GaAs superlattice was used as a fast saturable absorber in an Erbium
doped fiber ring laser 1%, Modelocking with polarization-maintaining (PM) EDF and a
bulk InGaAsP saturable absorber was demonstrated to produce near transform limited

femtosecond pulses 1],
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3.1.2 Passive modelocking using APM by nonlinear polarization rotation

Additive pulse modelockihg (APM) or coupled cavity modelocking (CCM)
achieves fast saturable absorber action by exploiting the Kerr effect in an interferometric
configuration. The principle of APM is pulse shortening by coherent addition of two
versions of the same pulse, one of which has passed through a Kerr medium. This i‘s
illustrated using Flg 3-3. The fiber in the feedback cavity acts as the Kerr medium and
the coherent addition takes place at the output beamsplitter. The pulses returning from the
feedback cavity into the main cavity constructively/destructively interfere with those
pulSes that are already in the main cavity. By properly adjusting the cavity parameters, it
is possible to create a situation such that there is constructive interference near the peak
of the pulses but destructive interference in the wings. This is possible because the peak
and wings of the pulse acquire a different nonlinear phase shift in the fiber. Thus the peak
of the circulating pulse can be enhanced while the wings are attenuated, which essentially
shortens the pulse. The earliest realization of this was accomplished with two cdupled

resonators ['*“8) hence the name couple cavity modelocking,
(a)
Output
Fiber

TN b
‘g0 2t C/

Main Laser > < Feedback l»

Laser Pulse

Shortened Pulse

Addition Cancellation

Feedback Pulse

Fig. 3-3: A typical APM coupled cavity laser (a). At the output beamsplitter, the pulse of the main
cavity [(b) top left] adds to the pulse of the auxiliary cavity [(b) bottom left], to result in a shortened

pulse [(b) right]. [64]
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This pn;nciple“was later extended to fiber lasers in a singie cavity intéx*ferometric
coﬁfiguration (Fig. 3-4). The cavity is a ring fesonator with a Faraday isolator to force
unidirectional operation. In addition to the iso]ator/polén'zer, the ring is composed simply
of an erbium doped fiber section and two polarization controllers that form the nonlinear
Mach-Zehnder interferometer. These cavities use nonlinear polarization rotation (Fig.

3-5) to achieve additive pulse modelocking action. The polarization controller (PC1),

(shown as the wave plate in Fig. 3-5) and the polarizer produce the APM action by first-

transforming linear polarization into elliptic polarization. Self phase modulation (SPM) -

and cross phase modulation (XPM) in the fiber (Kerr medium) rotates the ellipse. The
state of the polarization is nonuniform across the pulse because the Kerr effect is intensity
dependent. The intense peak (Fig. 3-5a) will be rotated more than the weak wings (Fig.
'3-5b). The polarizer (analyzer) transforms the rotation of the ellipse into amplitude

modulation; it lets the central intense part of the pulse pass through, but absorbs the lower

intensity wings. In this way intensity dependent transmission is achieved, providing the'

saturable absorber action. This modelocking technique is referred to as polarization APM
siﬁce the right and left circular polarization states acquire a differential phasé shift and
are 'added together at the polarizer. In an ideal system (perfectly isotropic fiber), in which
the polarization axis would be maintained in liﬁear operation, only one polarization
controller (PC1) would be needed. The second pdlarization controller (PC2) receives the

Kerr-rotated state, and converts. it back to the desired polarization for the polarizer in the

isolator.
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PC2 PCI UMP

“Output

Fig. 3-4: Schematic of an all-fiber ring laser modelocked by P-APM..'PC: polarization controlleré,
WDM: wavelength-division multiplexed coupler.

Kerr mediun Analyzer ) |
T , AN

Polarizer Wa plate

Polarization:

Fig. 3-5: The APM action through polarization rotation. A) high intensity, B) low intensity.

I cOnstruéted from typical fibers exhibiting normal GVD, the laser discussed
above (Fig. 3-4) is known as a fiber soliton laser and there are inherent practical limits on

[66] Reéonant

the minimum pulse width of these lasers due to resonant instabilities
instabilities exist when the period (the laser length) approaches 8Zg, where Zg is the
soliton period. The soliton period is the distance over which the soliton accumulates a

phase shift of 27t. This instability arises from the periodic perturbation of the pulse energy
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| ové_r the éavity length, due to gain and loss (inC!uding output coupling). This perturbation
manifests‘itself in the formation of discrete sidéband generaﬁon in the spectrum of these
lasers %, This eventually limits the pulse width, which limits the pulse energy based on
the soliton area theorem. The theorem states that the product of the peak amplitude (Ayp)
and pulse width (T)'-is fixed by the average dispersion and nonlih_ean'ty. The soliton area is
given by B equation (3.3), where D is the contribution from GVD and § is the SPM
contribution from the Kerr effect. The energy of a soliton given by equation (3.4) is thus

limited when either the peak power |Ag|* or the pulse width (2) is limited.

_ [2ID] .
AT = 5 | (3.3)
W=2|4 (34)

Bec‘au‘se of the intcrférometric nature of the APM actibn, the transmission of a
pulse passing through an APM structure will have a sinusoidal dependence oh the
nonlinear phase shift ), This dependence places a limit on the transmission, implying
the 'possibility of “saturating” the APM action "), The APM action or self amplitude
modulation (SAM) can be accurately represented by (3.5), where ¥ represents the SAM

coefficient and it is proportional to the gain and Kerr coefficient (671 and a represents the

pulse which is equal to a = Aosech(il, in the case of a soliton laser. A is the peak
T

amplitude and 7 is the pulse width.
~sin(y|af?) 33
67

The “energy gain” of a pulse passing through an interferometer [67) i given by

(3.6). Finding the maximum of (3.6) gives the upper limit of the energy gain, which

places an upper limit on the peak power.

[~ dt]af sin(r|af) ‘ (3.6)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permiésion.




The maximum of (3.6) is found when ¥| A, [*~ 0.6z "), This limit on the peak

power |Ao|2 implies a limited pulse energy based on the soliton area theorem. Hence if the
pump power is increased to obtain higher peak powers, the peak power of the soliton will
eventually reach the limit imposed by (3.6), “saturating” the APM action. Since the
number of circulating pulses is defined by the ratio of the stored intracavity energy to the
soliton energy (681 saturation of the APM leads to a quantization of the pulse energy. That
is, the single pulse per round trip breaks up into multiple, uncontrolled pulses. Thus in
these lasers, low energy, multiple pulses of relatively long durations (>300 fs) are most
often observed '®. There are two possibilities of achieving shorter pulses in a single-
pulse operating regime. The first approach is using shorter cavities or cavities with low
anomalous GVD with the gain adjusted to be low enough so that the energy of one single
quantized soliton fully depletes the gain ®*). The second approach is a reduction in the
nonlinearity. There are limitations to shorter cavities, one of which is imposed by the
minimum length of fiber necessary for adequate gain. Reduction in the nonlinearity and
controlled GVD scheme is a preferred solution. For femtosecond fiber lasers, the
“stretched” pulse laser has been the most successful approach to nonlinearity reduction

(Fig. 3-6).

The operation of this laser is very similar to the soliton laser described earlier.
Consider a pulse starting at the first polarization controller, it travels along the optical
fiber (mostly SMF-28) and suffers anomalous dispersion. This causes the pulse to
become broadened and chirped, so that the highest frequencies arrive first with lower
frequencies following. As the pulse stretches in time, the intensity drops. Once the pulse
leaves the anomalous dispersion fiber, it enters the EDF amplifier segment, which has
normal dispersion. As the pulse travels through this segment, it is amplified and the
opposite dispersion causes it to compress and the intensity goes up concomitantly.
Around the middle of the fiber, the pulse is at its shortest and highest intensity. After this
point, the continuing normal dispersion makes the pulse progressively more stretched and
chirped. Entering the anomalous dispersion fiber segment once again, the dispersion is
reversed, and the pulse compresses once more until it is returned to its original position.
If thé lengths of the two fiber segments are approximately matched, the pulse will return
with it original duration. |

| -25-
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Fig. 3-6: Schematic of a stretched pulse APM erbium doped fiber ring laser, sections of large positive
and negative dispersion fiber causes the pulse to be alternately stretched and recompressed as it
propagates around the cavity.

If the nonlinear phenomenon of ellipse rotation is added and APM action is
achieved. Where the pulse is at its shortest duration in the cavity and hence its highest
intensity, there is a concentration of the polarization rotation effect. In this way the net
average peak power in the laser is lowered and as a result the net nonlinear phase shift
per pass is lower; hence APM saturation is delayed and higher pulse energies are

possible.

3.1.3 Passive modelocking using APM by NOLM / NALM

A fiber Sagnac interferometer consists of a 2X2 coupler with two output ports
connected by a length of optical fiber. Such a setup is shown in Fig. 3-7. There are two
main types of Sagnac interferometer; the nonlinear-optical loop mirror (NOLM) and the
nonlinear-amplifying loop mirror (NALM). These are employed in numerous
appli’cations, two of which include optical switching and modelocking of fiber lasers.

‘This section discusses the operation of these interferometers.
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Fxg 3.7: A fiber Sagnac interferometer, A,=input amplitude, A= amplitude of forward
propagating field, A,= amplitude of backwards propagating field.

A single input field entering the interferometer is split into two
counterpropagating fields at the coupler. If the coupler splitting ratio is x:1-x, then a
fraction x of the input power travels through the fiber loop in the clockwise direction, and
the remaining fraction, 1-x, propagates in the counterclockwise direction through the
loop. The transmittivity is dependent on the coupling ratio, the input intensity and the
differential nonlinear phase shift between the counterpropagating beams, acquired as a
result of the coupling ratio. The phase shift is acquired as a result of the interplay
between SPM and XPM. The equations that govern the behaviour of the interferometer

can be found in Appendix A.

For example if x = 0.5, the transmittivity is zero and the Sagnac interferometer
acts as a perfect mirror reflecting 100% of the input field. This holds true for low input
powers and when the loop is made up of highly birefringent fiber (i.e. polarization
maintaining fiber). If the input intensity of the counter propagating beams is low, then the
beams do not acquire the necessary differential phase shift required for transmission.
Hence, when they interfere at the coupler all of the light is reflected back to the input. For
x = 0.5, even at high input intensities the nonlinear phase shift acquired for the
counterpropagating beams would be équal resulting in no relative phase difference
between the beams. Hence the Sagnac acts as a perfect mirror. However by using low-
birefringence fiber and a polarization controller to rotate the polarization at one end of the

fiber loop, the transmission properties of the interferometer can be altered and it is made
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to act like a switch. This occurs through nonlinear polarization rotation, which depends
on the orientation of the polarization ellipse. In short, the state of the polarization at the
output fiber will be different for the counter propagating beams even though the splitting
intensities are the same. When the Sagnac loop is used in this fashion it is referred to as a
polarization rotation NOLM 70 and it has fast saturable absorber properties. The
transmission properties can also be changed by asymmetrically placing an amplifier at
one end of the fiber loop. A Sagnac interferometer that operates in this fashion is called a
NALM. For low input intensities the NALM operates in the linear regime and light
coupled into one port is amplified and reflected back to the input. However at high input
powers, the counter propagating beams will acquire a differential phase shift as one beam
is amplified at the input and hence it will acquire a higher nonlinear phase shift in
propagating around the loop. Hence the transmittivity becomes a function of input power.

Refer to Appendix A for further details.

Instead of using an amplifier in the loop, the same operation can be obtained by
asymmetric coupling, x #0.5. This is known as a conventional NOLM. The mechanisms
involved are SPM and XPM which induces different phase shifts for the unequally split
counter-propagating beams. At high input powers the nonlinear refractive index leads to a
change in the optical path length and a relative phase shift for the counter-propagating
beams. The asymmetric coupling at the input means that the clockwise propagating beam
will experience a higher delay and phase shift than the counter clockwise propagating
one. The phase shift causes destructive interference when the fields return to the coupler,
which affects the ratio of the reflected and transmitted light exiting the interferometer.

The result is an intensity dependent transmission; refer to Appendix A for details.

The NOLM attached to a unidirectional fiber ring forms a figure-8 shaped cavity
(see Fig. 3.8). The NOLM is made up of a section of SMF28, a polarization controller
that compensate for the stress birefringence of the fiber, and a variable coupler. The
variable coupler allows for fine adjustment of the peak switching intensity and
adjustment of the coupling ratio. The external linear loop consists of a section of EDF
that provides the gain for the laser, a WDM coupler that provides the pump signal for the
EDF, a polarization independent isolator to allow for unidirectional propagation and an
output coupler. As pulses propagate around the linear loop, they are amplified and then
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split into two at the coupler. These pulses travel through the NOLM, where they are
effectively shortened due to constructive/destructive interference effects when they
- combine at the coupler. The high intensity portions of the pulse are transmitted while the

low intensity portion are reflected and rejected by the isolator.

— Input
¥ Reflected Polarization

e Output Coupler
—¥ Transmitted Controllers Isolator / ’ "

980 nm input

Er-doped Fiber

Variable coupler

Fig. 3-8: Schematic of a figure-8 modelocked fiber laser employing a NOLM as the pulse shortening
mechanism [50].

3.2 Modes of Operation of stretched pulse fiber lasers

The three main modes of operation observed for stretched pulse fiber lasers are
normal single short-pulse, multiple-pulse and the noise-like pulse regime. The mode of
operation depends on the polarization controller settings and the cavity parameters (731
Pulsed operation can be obtained only if the cavity parameters are suitable. The pump
power has to be increased beyond the threshold and modelocking is achieved by carefully
tuning of the polarization controllers. This is a very delicate balance and careful
adjustments of these parameters have to be made in order to obtain the short-pulse
regime. Gong, et al.™ investigated the regimes of operation for a passively modelocked
fiber ring laser and they found that the threshold for the normal single-soliton regime was
the lowest. This was followed by bound-solitons, and finally the threshold for noise-like

pulses is the highest. They also found that the threshold for bound solitons was the same

as the pump power corresponding to two single-soliton pulses existing in the cavity. The
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single-soliton regime is analogous to the short-pulse regime for the stretched pulse laser
and two single-soliton pulses existing in the cavity is analogous to the multiple-pulse
mode of operation for the stretched pulse laser: The current section briefly describes the
different modes of operation while the experimental realization of these modes

investigated for the stretched pulse NPR and NOLM laser will be discussed in Chapter 5.

3.2.1 Normal soliton operation

To obtain the soliton mode of operation, the net cavity dispersion has to be net
negative and close to zero. If this dispersion condition is met, soliton operation is
obtained by increasing the pump power above the self-starting threshold. This mode of
operation is first recognized by simultaneous generation of multiple so‘]iton pulses in the
cavity. Once soliton operation is obtained the pump power can be reduced to a value
below the self-starting threshold while maintaining the solitons. However below some

level of pump power, modelocking is lost and the laser operates in the CW mode.

As mentioned earlier, for pump powers above the self-starting threshold many
pulses exist in the cavity. This is known as the multiple-soliton state and is sometimes
referred to as the bunched state 7?!. In this state the solitons are usually separated by tens
of picoseconds. A change in the pump power or polarization controller settings can
change this state [731 A reduction in pump power usually causes a transition from this
state to the single-soliton state whereas an increase in the pump power can lead to a
change in the pulse separation or can change from this state to the bound-soliton state,
which will be discussed in the next section. Adjusting the polarization controller can
change the pulse separation in such a way that the pulses are uniformly spaced in the
cavity. This is a special case of multi-soliton operation known as passive harmonic

modelocking 7!,

-3.2.2 Bound-soliton operation

The interaction of slightly overlapped soliton pulses can lead to the formation of
bound solitons with a discrete and fixed separation ¥, If the pump power is well above
threshold, the bound-soliton state can be achieved with careful adjustment of the

polarization controllers. Bound-solitons behave as a unit and have properties that are
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~ similar to single-soliton pulses. They never alter their pulse separation ei(en in the

“presence of small perturbations such as pump power changes and polarization changes
731 |

| " The pulse separation can take several discrete values, which are multiples of the
fundamental separation. This separation is typically in the picosecond regime (BL7 The
autocorrelation trace of two bound-solitons is shown in Fig. 3-9. Notice that the height
of the side peak is only half that of the main peak and that the separation is approximately
938 fs. This is an indication that the two bound-solitons pulses are symmetrical (31 The

autocorrelation trace for three bound-solitons separated by 1.15 ps is shown in Fig. 3-10.

Intensity (A.U.)

Time (ps)

Fig. 3.9; Intensity autocorrelation trace of two bound-solitons:[73].

Intensity (A.U.)

m’z
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‘Fig. 3-10: Intensity autocorrelation trace of three bound-solitons [73].
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3.2.3 Noise-like operation

If the pump power is increased beyond the threshold for bound-solitons and the
polarization controller settings are appropriately adjusted, the noise-like mode of
operation can be obtained. Another criteria for obtaining noise-like pulse is that the
birefringence in the cavity has to be significant (751761 The characteristics of this mode of

operation are that it produces pulses with broad smooth spectra and narrow intensity

autocorrelation traces that have peak to background ratios of 2:1 73] as shown in Fig.
3-11. |
2.0 ey e r
o -l0 D 10
g 1.5¢ Ty(ps)
l'O [ " ' N " N i
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Fig. 3-11: Background free intensity autocorrelation trace for noise-like mode of operation [75].

A long-range autocorrelation trace shows that the narrow peak in Fig. 3.18 is
actually a depiction of the low coherence of the output in this mode of operation 7%, Fig,
3-12 shows the long-range scan for the noise-like mode of operation. It shows a narrow

coherent peak riding on a broad pulse.

2.0 — . v
(b)
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Fig. 3-12: Calculated autocorrelation trace for a noise-like mode of operation [75].
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Another characteristic of this mode of ooperation is' that the width of the narrow

pezik in the autocorrelation is unchanged after it propagates through a long length of
~ dispersive medium (51 This was attributed to the fact that the phase distortion caused by
the fiber dispersion is relatively weak compared with the initial noise of the pulses and

therefore has very little effect on the coherence.

In cavities where the net dispersion is small, adjusting the polarization controllers
can switch between the noise-like mode and the single-pulse mode. Horowitz et al.
demonstrated that for noise-like operation the polarization controllers were set midrange |

between the maximum and minimum transmittivity of the polarizer for low power signals
[75)

3.3 Design of a stretched pulse NPE fiber rin_g laser

This section examines some of the theoretical aspects, such as the modes of
operation and the challenges of the experimental implementation of a stretched pulse

APM and a NOLM laser.

A simplified block diagram of a stretched pulse NPE laser is shown in Fig.
3-13 The laser consists of a gain medium sectlon a dlspersmn compensation section, a

modelocking section and an output coupler.

/ Modelocking \
GVD
Compensation

GAIN

Fig. 3-13: Simple block diagram of a stretched pulse modelocked laser

3.3.1 Gain

Various single mode Erbium doped fibers (EDF) were investigated as the
potentlal gain medium for the laser (refer to Chapter 5). The length of EDF used was

determined by considering the total cavity loss and ensuring that the gain of the pumped
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EDF was in excess of this loss (gain condition for CW lasing). Using an EDFA setup, the
gain of the EDF was experimentally determined. The loss was estimated by taking into
account the coupling losses from connectors and the losses in the modelocking section. A

loss of approximately 10 dB was estimated.

The EDF is pumped in order to produce population inversion in the fiber (gain). A
980 nm diode laser producing up to 200 mW of pump power was used for this purpose. A
wavelength division multiplexer (WDM) was used to couple the pump power into the

fibér ring.

3.3.2 Dispersion Compensation

Standard single mode SMF28 fiber was used to provide dispersion compensation
for the EDF. The dispersion was calculated and found to be —0.022 ps*%m for SMF28 and
0.0127 psz/m for the EDF (see Appendix A for dispersion calculations). Based on these
numbers and using (2.5), the appropriate length of SMF28 was chosen.

- 3.3.3 Modelocking and output coupler

A free space optical setup was designed to act both as the modelocking element

‘and the output coupler. Recall from section 3.1.2 that a fiber laser modelocked by APM is
a nonlinear interferometer with two output ports formed by the final polarizer (Fig. 3-5).

The right and left hand circular polarization states are added at this polarizer such that the

peak of the pulse passes through while the wings of the pulse are in orthogonal

polarization and are rejected by the polarizer. Through the use of bulk components as

shown in Fig. 3-14, the APM rejection port can be accessed as the output port of the

~stretched pulse laser, instead of using a fiber coupler to extract energy from the ring. This
improves the laser performance by reducing the cavity loss and has been found to result

in higher output powers. The pulses from the rejected port are of relatively high quality if

the nonlinear phasé shift required for modelocking is small ®Y. The rejected pulse is

usually longer than the intracavity pulse, but the rejected output power can be as much as

50% of the intracavity power when the laser is biased to the point where there is a large

loss_for low intensities ',
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Fig. 3.14: Block diagram of APM section using bulk optics. PBS - polarization sensitive
beam splitter (APM port), PC1 & PC2 - polarization controllers 1 and 2 and O/P is the
output (APM rejection port). L1,L.2 and L3 are collimating lenses.

The PBS acted as both the polarizer and the output port of the laser. The first

| po]at;ization controller (PC1) takes the linearly polarized light from the PBS and converts
it into an elliptically polarized state for propagating through the fiber. The second
po]arization controller (PC2) takes the Kerr rotated state from the fiber and converts it
back to the desired polarization prior to the PBS. This controller is used to bias the laser

so that the low intensity parts of the pulse acquire large losses.

Finally, an isolator is used to provide unidirectional propagation within the laser
cavity. Lasers in a unidirectional ring configuration have been shown to self-start more
easily by reducing spurious reflections off polished fiber ends or bulk elements . A
polarization independent fiber isolator was chosen, but a free space isolator could also be

used if placed in the free space section.

3.3.4 Implementation of the laser

A complete schematic of the experimental setup of the stretched pulse APM laser
is shown in Fig. 3-15. The lengths of fiber used were varied corresponding to cavity
lengths from 4 to 20 meters, until the optimum output was achieved (refer to Chapter 5).
When determining the cavity length, the phase condition for lasing, discussed earlier, had
to be considered. The cavity had to be long enough so that many longitudinal modes
would fit within one round trip of the cavity. However the cavity could not be too long or

stable modelocking would become difficult, as will be discussed in Chapter 5.

The order in which each component is placed in the ring relative to the direction
of 6peration is important. The pulse dynamics were experimentally investigated in

[22]&[66] to determine the optimal location for the output APM port and the direction in
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which the ring should be opérated. A stretched pulse laser was operated in the forward

“direction similar tb Fig. 3-15 as well as in the reverse direction by reversing the order of
the bulk components and the direction of the isolator. The pulse dynamics were
investigated 221 for both directions of operation at 3 different locations in the ring: before
the modelocking section, after the modelocking section and between the SMF28 fiber and *
the EDF. In both directions of operation, the optimum point for the output was
immediately after the EDF, since the pulses had the broadest bandwidth and highest
energy here. In the reverse direction, detrimental pulse shaping and structure of the
spectrum was observed. This was possibly due to soliton effects due to high powers in the
negative dispersion (SMF28) fiber located immediately after the gain (EDF) medium.
However in the forward direction, clean smooth pulses were observed. It was concluded
that a stretched pulse laser should be operated in the forward direction with the output
APM port placed immediately after the gain fiber to keep the regions of highest intensity
within the positive GVD fiber.

In this configuration, the amplifier (EDF) was pumped in the counter-direction.
This was to ensure that there was minimal residual 980 nm light in the output. Any pump
in the output would skew the results from the autocorrelation experiment, which will be
discussed in Chapter 4. Counter-directional pumping showed an increase in the gain, as
predicted from theory B4 Theory also predicts a degraded signal to noise ratio with
counter-directional pumping. However, this was not investi gatedv as there did not appear
to be a significant effect on the pulse quality (i.e. the pulses were quite stable). If pumped
co-directionally, employing a second WDM to act as a filter could eliminate any residual
980 nm. However this would add another component to the ring and thus increase the

intracavity losses and the cavity length.

The placement of the isolator is not as crucial; it could be placed before or after

the SMF28 fiber. A bulk isolator placed in the free space section can also be used P,
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Fig.' 3-15: Schematic of the experimental configuration for a stretched pulse APM fiber laser.

3.3.5 Components

In this section, the individual components that were used in the laser are

described. Fig. 3-16 shows a picture of the laser with the individual components clearly

labeled.

3.3.5.1 Free space section |

The bulk optics free space séction is shown in Fig. 3-17. The light was coupled
out ‘l_of the fiber into free space and back ‘into the fiber again using Fiberports
mani;factured by Optics For Research (OFR). These are ultra-stable miniature
micrdpositioners that allow for fine adjustment of an aspheric lens embedded in the
assembly. They allow for coupling between a collimated free space beam and a fiber. The
aspheric lens in the fiber port is antireflection (AR) coated at the wavelength of interest
(1550 nm). The waveplates are OFR zero-order retarders, with all surfaces ‘AR coated.
The retarders are mounted in a rotation cell with engraved angle index. The quarter-
waveplate and half-waveplate form the first polarization controller. If the quarter-wave
was set at an angle between 0 and 45, it convél_’ted the linearly polarized light from the

PBS into elliptically polarized light. The angle of the half-waveplate was then set to
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: 1otate the elllpse so that it could be aligned 1elat1ve to the slow and fast axes of the fiber.
Two quarter- wavep]ates form the second polarization controller. This controller rotates
the plane of polarization of the ellipse coming out of the fiber so that the peak of the
pulse passes through the PBS while the wings are rejected. A half-waveplate could be |
used instead of two quarter-waveplates; however using two quarter-waveplates gave
more flexibility in biasing the laser. The PBS is an OFR IR polarization beamsplitter. The |
p-polarized component was transmitted while the s-polarized component was reflected at
90°. The dispersion in the free space section was assumed to be negligible relative to the

dispersion of the various fibers in the ring.

3.3.5.2 Fibers

Nufern EDF555 erbium doped fiber, with an emission-bahd around 1535 nm, was
one of the EDFs used to provide the gain. It has a numerical aperture (NA) of 0.20 and a
mode-field-diameter (MFD) of 4.6 at 980 nm and 7.4 at 1550 nm. The peak absorption is
8.7 dB/m at 1530 nm and GVD was estimated to be 0.0127 ps¥m at 1550 nm. In order to
compensate for the GVD of the EDF, corning SMF28 fiber was used. It has a GVD of -
0.022 ps¥m at 1550 nm. ‘

There was one other type of fiber used within the cavity; Flexcor1060. This is the
fiber used for the pigtails on the WDM. It has an NA of 0.14 and MFD of 5.9 at 980 nm
and 9.9 at 1550 nm. The GVD for this fiber is relatively low; it was approximated to be

0.007 ps*/m at 1550 nm wavelength.

3.3.5.3 Optical pump and WDM coupler
. The optical pump was a 980 nm wavelength, 200 mW CW EDFA pump laser,
packaged by TRLabs. This unit housed a SDL Optics high power 980 nm semiconductor
diode laser module. To transfer the pump energy from the laser to the cavity requires a
WDM. A SIFAM 980/1550 coupler was used. It has an insertion loss of 0.02 dB between
the input and the outputs and isolation greater than 12 dB between the output ports. The
fiber type used for the pigtails was Flexcorl060. Although the dispersion of the
_ Flexcor1060 was fairly low, it had to be taken into account when determining the lengths

of SMF28 required to balance the dispersion within the cavity.
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As can be"‘.:seen from Fig. 3-16, there aré two WDMs used in the cavity. This
allowed us to test the laser with both co-directional and counter-directional pumping. The
sécond WDM was needed to eliminate any residual 980 nm light from the output when
pl‘J‘mping co-directionally. ‘This WDM was later removed, as it was concluded that

counter-directional pumping gave the best results.

3.3.5.4 Isolator

The isolator permits light to pass through in one direction (marked with an arrow
on the device). A MP Fiberoptics Inc. polarization independent fiber isolator was used. It
has an insertion loss of 0.44 dB and isolation of 58 dB. The fiber type used for the pigtail
was SMF28. Again this length of SMF28 had to be taken into account when balancing

the dispersion in the laser cavity.

Fig, 3-16: Picture of the stretched pulse laser with the individual components labeled.
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Fig. 3-17: Bulk optics modelocking section of the laser consisting of 3 fiberports, a polarizing
beamsplitter, 3 quarter waveplates and a half waveplate that forms the polarization controllers.

3.3.5.5 Additional components

A 95/5 coupler was used as a diagnostic tool to investigate the pulse .vwithin the
cavity prior to the free space section. This coupler acted as eyes inside the cavity and
allowed us to optimize the various lengths of fiber and the waveplates settings for

maximum output. It was later removed when the cavity was nearly optimized.

Finally instead of splicing the fibers together, connectors and adapter sleeves were

used to connect the fibers. This increased the losses but offered the benefit of allowing

easy changes to the fiber lengths.

3.4 Design of a figure-8 laser using a NOLM

- The design considerations for a NOLM laser are very similar to thosé for the
stretcﬁed pulse laser discussed in Section 3.3. The linear ring is very similar to the one in
Fig. 3-15, minus the free space section. All of the components are the same with the
addition of a 20% output coupler and a fiber polarization controller placed inside the loop

as can be seen in Fig. 3-18.

3.4.1 Gain
The gain section is identical to that of'-_the stretched pulse laser discussed in

section 3.2.3. Nufern555 single mode EDF was used to provide the gain, and the length
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was chosen such that the gain exceeded losses in the cavity. The EDF was pumped using

a 980 nm diode laser via a WDM.

Isolator
PCI
pPC2
Linear Loop

NOLM EDF - VDM

Fig. 3-18: Schematic of the experimental configuration for the stretched pulse figure-8 NOLM laser.
PC1 and PC2 - polarization controllers, EDF — Erbium doped fiber, VC - Variable coupler, 1060 —
Flexcor1060 fiber and WDM - Wavelength division multiplexed coupler. ‘

3.4.2 Dispersion compensation

Lengths of SMF28 from the fiber pigtails of the output coupler, isolator, and
variable coupler provided the dispersion compensation. The length of Flexcor1060 in thé
NOLM and the pigtail from the WDM were also taken into account when considering the

dispersion.

3.4.3 Modelocking

The APM action for this laser is provided by the NOLM. Recall from section

~3.1.2 that the principle of modelocking by APM is pulse shortening by the addition of
two versions of the same pulse. A laser modelocked by APM is thus essentially a
nonlinear interferometer. In the NOLM, a variable coupler provides the interferometric

action. The addition of the‘ two counter-propagating pulses takes place at the output of the

NOLM where the two arms meet at the variable coupler.

The length of the Flexcorl060 was chosen such that the total dispersion of the
laser cavity would be slightly net negative (anomalous), i.e. almost balanced. This
essentially creates a stretched pulse fiber laser with a NOLM. Recall from section 3.1.2
that the pulse energy in fiber lasers is limited by excessive nonlinearity, which arises

from the soliton dynamics and overdriving the NPE. The stretched pulse technique
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_addresses the soliton dynamic issues and the NOLM addressed the overdriving the NPE.
The NOLM operates with a nonlinear phase shift accumulated only in the nonlinear loop;

as a result, overdriving the NPE can be avoided by using a shorter nonlinear loop.

Typically, dispersion shifted fiber (DSF) is used in these lasers in an attempt to
keep the total dispersion as small as possible 3] Flexcorl060 was used here, as DSF was
not available. The dispersion of Flexcorl060 is approximately 0.007 ps*/m, which is low
relative to SMF28. The length of the NOLM was also much shorter than most other lasers
of this type, thereby indirectly reducing the net cavity dispersion. Recall from section
3.13 that the use of low birefringence fiber in the NOLM can lead to nonlinear
polarization rotation. By shortening the NOLM this effect is reduced and it ensures that

the dominant nonlinear effects are SPM and XPM.

The remaining components are the isolator, polarization controllers and the output
coupler. A polarization independent isolator was used to provide unidirectional
propagation. Fiber polarization controllers were used to compensate for birefringence in

the fiber. Finally an 80/20 fiber coupler was used for the output.

3.4.4 Components

This section takes a detailed look at the individual components used in the NOLM
laser. Fig. 3-19 shows a picture of the laser with the individual components clearly
labeled. Most of the components used in this laser are identical to the ones used in the

stretched pulse NPE laser discussed in section 3.2.2, therefore these components will not

be repeated.

All of the fibers used in this laser are identical to the ones used in the stretched
pulse NPE laser discussed above. The lengths of fibers used were varied depending on
which EDF was used as the gain medium and the length. Furthermore the optical pump,

WDM and isolators are also identical to the ones discussed in section 3.2.3.

The output coupler and variable coupler are unique to this laser. The output
cou"pler is a Fiberconn Technology 80/20 1X2 coupler. It has a maximum insertion loss
of 1,11 dB and minimum return loss of 55 dB. The fiber used in the coupler is SMF28.

The pigtails on this component were cut back to ¥2 m on each side in an attempt to keep

-42 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the ring relatively short and reduce the dispersion.. The variable coupler used is a
- Canadian Instrumentation and Research 2X2 variable fiber coupler. It is designed so that
varying the micrometer can vary the coupling ratio from 0 to 98%. The type of fiber used
for this coupler is also SMF28. The pigtails on this coupler were also cut back so as to

keep the dispersion low, especially in the NOLM section of the laser.

Pump Input

Nonlinear Loop Linear Loop Laser

Output
Fig. 3-19: Picture of the stretched pulse figure-8 fiber laser with NOLM. The individual componentJ)

are labeled. PC - Polarization Controller.

3.5 Active modelocking of fiber ring lasers

Active modelocking in fiber ring lasers typically employs either an amplitude
(AM) or phase (PM) modulator in order to “lock” the modes of the laser together. AM
modulation will be the focus of this discussion. For details on PM modulation and other

active modelocking techniques refer to [85].

In AM modulation, the amplitude of the intracavity optical field is modulated at a
frequency f,, that is equal to or an integer multiple of the mode spacing A. In the time
domain the modelocking process can be described using Fig. 3-20. Assume that the laser
begins to oscillate in the form of a short pulse that circulates inside the cavity, passing
through the modulator on each round trip just at the instance when the modulator

transmission is high but loss is low ®*. The modulator provides a time dependent
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periodic loss which is modulated at f,,. As well, since the laser generates more light at the

loss minima ¥ the intracavity field is also modulated at the same frequency, thus

producing a train of pulses.

0 Tiﬂ time

Fig. 3-20: Simplified schematic of a laser actively modelocked by an AM modulator. The lower figure
shows the pulse in the time domain and the time dependence of the gain. Ty is the round trip time or
repetition rate of the laser. [21]

For the frequency domain description of active modelocking, each of the
| oscill.ating modes in the cavity are said to acquire modulation sidebands as a result of the
modulator [853. The modulation frequency is equal (or very close) to the mode spacing or
an integer multiple of it. Hence the modulation sidebands from each mode fall on top or
very close to one of the other modes in the cavity. Each of these sidebands ‘will tend to
“injection-lock” the mode with which it is in resonance 851 Thus modulation will tend to

“modelock’ each mode to one or more of its neighboring modes.

~ Active modelocking when the modulation frequency is an integer multiple (m) of
the rhode spacing is called harmonic modelocking (831, Harmonic modelocking couples

together sidebands which are spaced m mode intervals apart, and can lead to the
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production of up to m individual pulses circulating around the cavity, separated by equal

51 Harmonic modelocking is typically used to increase the

[21]

time intervals of _TR/m

repetition rate, and/or to shorten the modelocked pulses

3.6 Design of an actively modelocked fiber rin”g laser

A schematic of the actively modelocked laser that was designed is shown in Fig.
3-21. The laser was built with non-polarization maintaining fiber optic components. Two
isolators were used to provide unidirectional propagation and to prevent reflections from
the modulator. Active modelocking was realized by periodic modulation of the cavity
loss using a Mach-Zehnder modulator driven by a sinusoidal radio-frequency (RF) signal
from a synthesizer. A polarization controller (PC) was used at the input of the modulator,
since it was sensitive to polarization. Pumping 10 m of 3M EDF with a 980 nm diode
laser at 100 mW provided the cavity gain. Two wavelength division multiplexed couplers
- were used to allow for both forward and reversed pumping, and finally, the output was
taken using a 20% coupler. The pigtails in the cavity consisted of 9 m of SMF28 and 3 m
of Flexcorl060, making the total cavity length approximately 22 m.

Isolator ;
— PC 1] Synthesizer
=
=
s 2
= S
g
S
EDF l%
S
S
| L
wWDM

Fig. 3-21: Schematic of experimental configuration for the actively modelocked fiber ring laser.
The details of the individual components are identical to the ones discussed for
the stretched pulse lasers with the exception of the EDF and the modulator, which are
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uniqﬁe to this laser. 3M C-band EDF, with an emission band around 1535 nm, was uséd
‘Vto provide the gain in the cavity. It has a NA of 0.26 and a MFD of 5 um at 1550 nm. Th¢
i)eak absorption is 6-8 dB/m at 1530 nm and the GVD was estimated to be 0.08 ps/m. A
20 GHz UTP LiNbO3 Mach-Zehnder electro-optic. modulator was used to provide the
amplitude modulation. The insertion loss of the modulator was estimated to be

approximately 3 dB.

Unlike the passively modelocked cavities, the length‘ of this cavity was
significantly longer and the dispersion was much higher. Typically cavities of this type
are tens to hundreds of meters long and the dispersion is largely positive (86187) 1n these
cavities dispersion is used, (instead of wavelength selective elements such as fiber Bragg

187 showed that once the

gratings) to achieve wavelength tunable operation. Li and Chan
laser is modulated at the fundamental or one of its harmonics, the emission wavelength of
the laser can be tuned by changing the modulation frequency. They also show that if
modulated at the proper harmonic the laser can produce not only single wavelength
tunable pulses, but also multi-wavelength tunable pulses. This was investigated and the

results are shown in Chapter 5.
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4 Design and test of an interferometric autocorrelator

The femtosecond time scale is beyond the range of standard electronic
instruments such as oscilloscopes. The absence of fast photodetectors with a large enough
bandwidth has led to the development of alternate techniques for measuring the temporal
characteristics of femtosecond pulses.

[63) of recovering the pulse envelope, but they

There are purely electronic methods
are limited to pulses in the order of hundreds of femtoseconds. Alternative all-optical
methods are available, one of which is based on the autocorrelation technique. This
technique is most flexible as it is not limited to a particular range of pulse duration.
Autocorrelation is a measure of how similar a pulse is to a delayed version of itself, as a
function of the delay. It is typically used in characterizing random signals and is
somewhat limited since phase information is not easily extracted. Nevertheless, it is

widely used because of its relative simplicity.

The Fourier transform of an autocorrelation function is known as a power spectral
density. This is analogous to a magnitude plot from a Fourier series. Without the
corresponding phase plot, the time domain waveform can only be estimated. As such,
pulses with very different pulse shapes can have very similar autocorrelations. Thus,
autocorrelation can be used to estimate pulse duration only by assuming a pulse shape.

The pulse duration is estimated from the ratio between the FWHM of the autocorrelation

and that of the assumed pulse shape.

There are two autocorrelation techniques that can be used to characterize
ultrashort pulses: intensity autocorrelation and interferometric autocorrelation. These are
also sometimes called fast and slow autocorrelation, respectively. The intensity
autocorrelation ®! does not provide any phase information but allows for a
straightforward estimate of the pulse duration. Conversely, the interferometric

autocorrelation yields the pulse duration as well as providing some information about the

pulse phase.
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4.1 Interferometric aufocorrelation

Mathematically the correlation function is usually described‘ given two time
dependent functions F(t) and F’(t). If one function F’(¢) is already known, the other

function can be obtained by the measurement of G(7) (the first order correlation) and is

given as:
G(r) = T F'(t)F(t—7)dt | : (4.1)

In measuring ultrafast laser pulses, an appropriate test function F’(t) is not‘
available, so the pulse is used as its own test function. Since the pulse itself is the test
fun¢tion, this is called autocorrelation; the pulse is being correlated with itself. The laser
pulsé is split into two replicas F’(t) and F{(t-7), to be compared within an interferometric
setup able to construct the autocorrelation function. The arm imbalance between the two
paths inside the interferometer (Fig. 4-1) provides the delay T in the mathematical
expression. The optical pulse is split into two pulses of equal power (ideally) by a
symmetric beamsplitter. The pulses are delayed with respect to each other by a variable
delay. At the output of the interferometer, the pulses are combined and sent collinearly to
the‘!_ detector. In the femtosecond regime, any finite angle between the pulses is

accompanied by a geometrically induced relative delay across the beam.
Mirror

SRR DRI

Beamsplitter

-Source

F-9 Variable
Delay (1)
Detector

Fig. 4-1: Basic interferometric autocorrelation setup (Michelson interferometer). The path-length in
one arm is varied by a moving mirror. The pulse is split by the beamsplitter, the two versions of the
pulse propagate through different path lengths, then are recombined at the beamsplitter, and sent

collinearly to the detector.
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Usually the intensity I(t) of the pulse is to be characterized, where

1 (i)oc <E(t)E*(t)> and E(t) is the complex amplitude of the pulse. If a linear detector is

employed, the interferometric output of the setup shown in Fig. 4-2 is given byl

8,(7) =1+ j E(t)E(t—r)&; cos(w,7) : (4.2)

This is known as the first order autocorrelation and it glves an approximation of

the pulse duration if a pulse shape is assumed. Fig. 4-2 shows a typical first order

autocorrelation scan simulated using Matlab.
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Fig. 4-2: First order autocorrelation 50 fs Gaussian pulse. (See Appendix B for calculation details.)

To acquire phase information the second order autocorrelation needs to be
exammed Mathematically this is expressed as follows 9% (refer to Appendlx A for

detalls)

g,(7)= 1+262(r)+ 4_[ E}()E(t —1)dt eos(wor)+Gz(z')cqs(2a)0'r) (4.3)

where Ga(2) is the fringe average or intensity autocorrelation,
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Experimentally the second order autocorrelation function can be obtained using

163] (64 The two-photon

either two-photon absorption or second-harmonic generation
absorption process that takes place in a semiconductor detector ‘when excited at a
wavelength below its bandgap can be used to generate the second order response. Only
the high peak power from ultrashort pulses can produce a significant two-photon signal,
which can be directly recorded on an oscilloscope as a function of the delay T.
Alternately, a phase-matched nonlinear crystal that is properly filtered to provide only the
second harmonic generation field can be used to provide the second order signal. This
harmonic field, recovered typically by a linear photodetector as a function of delay, will

give the same result as the two-photon process.

When the amplitude and phase dependence of the fields are substituted into
equatlon (4.3) and the second order autocorrelation function is decomposed, some
interesting properties of the interferometric autocorrelation are revealed (641 An important
conclusion is that the peak to background ratio for the interferometric autocorrelation is 8

tol (F1 g. 4-3) when all of the terms of the autocorrelation are recorded.
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Fig. 4-3: Second order autocorrelation 100 fs pulse. (See Appendix B for calculation details).
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It is known that at zero delay the autocorrelation signal is a‘t‘a maximum as the
pulses are perfectly overlapped. For a delay increment of half the light period, the two
fields add with opposite phase resulting in a near zero signal (destructive interference).
For delay times of more than the total pulse length, the two pulses are no longer
ovérlapping and the autocorrelation shows a constant background signal. This
demonstrates that the interference pattern or fringe (intensity pattern) provides a direct

and accurate self-calibration of the measurement

There are other methods of charactering femtosecond pulses such as frequency
resolved optical gating (FROG) 4 and third harmonic generation interferometry 1491
Typically these methods provide more information than the interferometric
autocorrelation. However, they are more complicated and more difficult to implement.

For more details on these methods, refer to the [64].

4.2 Design considerations for the autocorrelator

The major considerations when designing an autocorrelator are as follows: the
configuration of the interferometer (collinear or noncollinear), the scanning mechanism

for the delay, and the detection scheme.

There are typically two detection methods that can be used when designing an
interferometric autocorrelator: two-photon absorption in a semiconductor photodiode or

~ second harmonic generation in a nonlinear crystal. The two-photon absorption method is
attractive as it does not require phase matching, which is necessary when using a
nonlinear crystal. Furthermore, by using a photodiode the second order response and the
transformation of light into an electric signal is combined into one solid-state device.
However finding the appropriate commercial photodiode can prove to be difficult as the
active area of the detector must be fairly thick, as will be discussed later. On the other -
hand there are various proven nonlinear crystals that are appropriate for this type of
application. Both schemes were investigated and will be discussed in the following

. sections.
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4.2.1 Configuration

The noncollinear configuration can only give the intensity autocorrelation while
the collinear configuration gives either the interferometric or intensity autocorrelation.
For the reasons discussed earlier, an interferometric autocorrelation was preferred and

hence the collinear configuration was used.

4.2.2 Scanning mechanism

The delay arm of the interferometer is typically scanned either very rapidly using
a shaker or loudspeaker, or very slowly using a linear motor. The slow scan using a
linear motor was implemented here. When working in the femtosecond regime, rapid
scanning can sometimes be troublesome as it can cause slight misalignment of the
interferometer resulting in erroneous results. Using a slowly scanning linear motor

eliminates this possibility.

4.2.3 Suitable photodiode/detector

The detector used should be made of a material that has a bandgap (Eg) in the
range of (hv,2hv). This is to ensure that the photodiode has a small one-photon response
but a large two-photon response at the wavelength of interest. A Si photodiode is an
excellent candidate for 1550 nm wavelength ., Silicon has an E; of approximately 1.12
ev, which is about 1.4 hv at 1550 nm. A Si avalanche photodiode (APD) was tested to
determine its suitability for use as a two-photon absorber. It was hoped that the internal
gain provided by the APD would result in larger two-photon photocurrent and therefore

improved sensitivity.

4.2.4 Nonlinear Crystal

Based on availability and cost, a Barium Borate (BBO) crystal was chosen as the
second harmonic crystal for use in the autocorrelator. To determine its suitability for use
in the autocorrelator, various calculations were performed in order to find the phase
matching angle, thickness and efficiency of this crystal. The calculation details can be

found in Appendix A. The phase matching angle was found to be approximately 20°, the
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opfimhm crystal lé_ngth was found to be 7.8 mm and the efficiency was found to be 2*10°

4 P where P is the peak power of the fundamental or input signal.

4.3 Implementation of the Autocorrelator

The schematic of the interferometric -autocorrelator that was imp]émented is
shown in Fig. 4-4. The output pulse train from the laser is coupled into the autocorrelator
using a collimator. To ensure equal delay in each arm, special care had to be taken to
ensure that the two beams passed through the same thickness of glass. Hence, two
identical nonpolarizing beamsplitters were used to split and recombine the pulses. This
ensured that the dispersion in each arm was the same. The displacement of the beam after
passing through the beamsplitter was accounted for in the beamsplitter assembly (Fig.
4-6). Retro-reflectors were used instead of standard mirrors as they are more flexible to
wofk with and more forgiving to slight misalignment of the beams. Two-photon
absorption and second harmonic generation scales with the optical inténsity (Refer to
-appendix A for details). Therefore a lens was used to focus the collinear beams onto the
detector in an attempt to increase sensitivity. The delay was scanned using a linear motor
mounted on a stage, which was controlled using labview. The autocorrelator was
designed so that when the stage is in its center position, the two paths are approximately

equal in length and the pulses from each arm are overlapped in time.

In this section the individual components that made up the autocorrelator are
discussed. Fig. 4-5 shows a picture of the autocorrelator with the various components

clearly labeled. The entire assembly was enclosed in a stainless steal box to reduce stray

light levels.

4.3.1 Fiberport

The output from the laser is coupled into the autocorrelator using an OFR
fiberport. The free space beam produced by the fiber port is well collimated with a

diameter of 0.5 mm.
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. Fig. 4-4: Schematic of an interferometric autocorrelator. FP-fiberport (collimator), BS- beamsplitter
_ and RR - retroreflector.

4.3.2 Beamsplitter

Lambda research optics hon-polan’zing 2 mm thick plate beamsplitters were used
to split and recombine the beams. These beamsplitters were coated so that the s and p
polarization components coincidé in reflectance at 1550 nm. That is, the beamspIitter
does not alter the state of polarization of the incoming beam. The beamsplitters were also
antireflection coated at the same wavelength on the back face. The beam splitting and
combining occurs at the dielectric layer. Fig. 4-6 shows the beamsplitter assembly with a
closer look at the beamsplitter setup. The top beamsplitter splits the input beam while the

bottom beamsplitter combines the beams reflected from the retroreflectors.

4.3.3 Photodetector/Nonlinear Crystal

A Hamamatsu Si APD was used as the two-photon absorber. The detector has a
response from 400 nm to 1100 nm with a peak at 800 nm, thus making it an ideal

candidate for two-photon absorption of 1550 nm as discussed in section 2.6.4.

-54 -

Reproduced with permission of the copyright owner. Further reproduction pfohibited without permiééion.




A 5 mm type I BBO crystal cut at 6 = 22.8° and ¢ = 0° was used along with a

bandpass filter and Si detector foflvthe second detection scheme.

Fig. 4-5: Picture of the interferometric autocorrelator (top and side view) with the various
components outlined. ‘
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Diefectric
layer

Fig. 4-6: Picture of the beamsplitter assembly. The beam is split at the top beamsplitter and then
recombined at the bottom beamsplitter after propagating through the two arms of the

interferometer.

e . Incident Beam

Fan

Reflected Beam

Fig. 4-7: Picture of the retroreflector and a schematic of the sub-apertures showing an incident beam
hitting the center of the upper sub-aperture and reflecting off the lower sub-aperture.

4.3.4 Retroreflector

Edmund Industrial Optics 12.7 mm hollow retroreflectors were used in the two
arms of the interferometer. These retroreflectors are constructed of three first surface
‘mirrors assembled into a corner cube. This produces a hollow corner cube that is totally
insensitive to position and movement. The result is that incident and reflected light will
be parallel regardless of the angle of incidence. Fig. 4-7 shows a picture of the

retroreflector and detailed view of the sub-aperture formed by the three mirrors. A beam
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that strikes the exact center of the upper sub-aperture will be reflected back from the
center of the lower sub-aperture directly below the incident beam. The retroreflectors are
mounted on translation stages. One is mounted on a one-axis stage in order to provide the

required variable delay. The other is mounted on an XY stage to allow for ease of

alignment.

4.3.5 Lens

The two-photon absorption current and second harmonic signal scales with
intensity and is therefore greatly increased by focusing the light onto the detector or
nonlinear crystal. An aspheric lens was used for this purpose. The lens focused the beam

from the beamsplitter down to an approximate spot size of 36 um on the detector/crystal

4.3.6 Scanning mechanism

A Newport/Klinger “Motionmaster” motorized micrometer actuator was
incorporated with a translation stage to provide the required scanning. Fig. 4-8 shows the
schematic of the actuator assembly installed in a translation stage along with a picture of
the actuator. The actuator is controlled using Motionmaster drivers and Labview. When

moving the arm a distance Ax, the beam has to cover a distance that is 2Ax longer or

shorter than before. The distance is related to the change in delay At by At = 2Ax/c, where

c is the speed of light.
6 00

0 0

Fig. 4-8: Motionmaster motorized actuator assembly installed in a translation stage and the picture
of the actuator connected to the autocorrelator.
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4.3.7 Additional Components

The Silicon APD used required a very large bias voltage (150 V) and therefore an
EMCO high voltage power supply capable of providing 0 to 200 V was used.

For ease of alignment the retroreflector on the fixed arm of the interferometer was
mounted on a Newport compact XY precision translator with 1 um resolution, as shown
in Fig. 4-7. A Newport differential micrometer was connected to this translation stage to

allow for fine adjustment in the Z direction.

Linear detectors (Judson Technologies Germanium (Ge) detectors) were used for
the initial alignment of the autocorrelator. This allowed for alignment using a 1550 nm
CW laser, which was convenient as all the optics were coated for 1550 nm. Finally,
Thorlabs ultrastable kinematic Y2” optics mounts were used to affix each of the optic

devices.

4.4 Autocorrelation testing and verification

This section examines some of the experimental results from the autocorrelator
and compares them to theory. Several lasers were used to assess the operation of the
autocorrelator. A narrow linewidth CW laser was used mainly for alignment purposes.
Subsequently a passively modelocked fiber laser, which was believed to be working in
the noise-like regime (refer to Chapter 5 for details), and an actively modelocked fiber

laser, also discussed in Chapter 5, were used to test the operation of the autocorrelator.

4.4.1 Autocorrelator Alignment

After assembly and careful alignment of the autocorrelator (refer to [54] for
further alignment details), the autocorrelator was tested. The first step was to ensure that
the beams were collinear. Using a narrow linewidth CW 1530 nm laser and a Ge (linear)
detector in place of the Si (nonlinear) detector (depicted in Fig. 4-5), the delay arm was
slowly scanned and the output photocurrent was monitored on a Newport model 1830-
power meter (Fig. 4-9). Complete interference was observed with an extinction ratio of
approximately 100. This confirmed that the beams from the two arms of the

interferometer were indeed collinear as they hit the detector.
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‘Next the 15‘30 nm CW laser was replaced with a pulsed laser. While the output
was monitored on an oscilloscope (Fig. 4-9), the delay arm was scanned slowly (166 fs/s)
over the entire 30 mm range of the stage. This allowed for the delay to be calibrated, such
that the pulses from each arm overlap in time at the detector. Fig. 4-10 shows the output
from the detector as seen on the oscilloscope, which is essentially the function g;(t) (see
~equation (4.2)). The width of the autocorrelation function g;(T) obtained from this scan is
related to the coherence length of the laser pulse. This is not a unique measurement of the

duration of the pulse but rather it serves as a first order estimate.

RR
A

> Linear motorized stage

Fig. 4-9: Schematic of the autocorrelator setup. FP-fiber port, RR- retro-reflectors, BS-beamsplitter,
PD-photodetector.

Fig. 4-10 (a) resembles a typical first order scan with the exception of the “wings”
on the pulse. This is because the input beam was from a stretched pulse laser whose
output is typically a pulse with “wings” 71 Fig. 4-10 (b) shows the fringe pattern of the

pulse. From this, the fringe spacing is measured to be approximately S fs, which is
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comparable to the calculated value of 5.16 fs. The fringe spacing d is calculated given the

wavelength A and the speed of light ¢, that is, d = A/c.

The next step was to perform a second order scan, by replacing the Ge detector

with 'a Si APD or a nonlinear crystal and filter combination. The Si APD was
characterized in order to determine its suitability for use as two-photon absorber. The

next section describes the results from the characterization experiment.

Fig. 4-1 0: (a) First order autocorrelation trace taken with a Germanium detéctor, (b) Interference
fringe. ‘
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4.4.2 Autocorrelation using a TPA detector

A Si APD was tested by focusing the laser output onto the detector and measuring
the response as a function of input power. An aspheric lens was used to focus the beam
from the laser down to a spot size of 36 um onto the detector (Fig. 4-11). This spot size

was chosen because the beam incident on the detector in the autocorrelator is also 36 pm.

% | »—“ D

Fig. 4-11: Experiment configuration for charactering detectors. L-Lens, D-Detector

The squares in Fig. 4-12 represent the output photocurrent (I) of the Si APD
measured as a function of the CW optical power (P), when the multiplication factor of the
APD is set to 100. The solid curve is a theoretical fit, which can be expressed as I/nA] =
3.17 + 1.94 P[mW] + 0.0021 P [mW2]. The first term originated from the constant
background light. The second and third terms are induced by linear and two-photon
absorption (TPA), respectively. Similarly the diamonds represent the output photocurrent
measured as a function of the average power of the pulsed laser, when the multiplication
factor of the APD is set to 100. The theoretical fit can be expressed as I[nA] = 4.33 +
4.30 P[mW] + 0.211 P? [mW?]. Note that the linear absorption current is larger than the
TPA current when P is less than 20 mW. This effect is undesirable and must be

eliminated.
‘ Characterization of Si. APD

35
& pulsed laser

B 1530nm CW

30

n n
o ;]
:

Photocurrent [nA]
R

10 -

0.00 2.00 4,00 6.00 8.00 10.00 12,00
Input Power [mW]
Fig. 4-12: TPA characteristics of Hamamatsu Si APD for 1530nm CW and 1550nm pulsed laser
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The Hamamatsu Si APD appeared to be a suitable choice, although the TPA
response was still low relative to the linear response for the range of input powers
investigated. The small TPA response for the input powers investigated could be due to
the fact that TPA depends upon the peak power, and degrades with higher repetition rates
for a given average power (561 The Hamamatsu detector was chosen as the two-photon
absorber in the autocorrelator based on the fact that the TPA current exceeds the linear
absorption current for average powers greater than approximately 20 mW. The intended
use of this detector was to characterize a pulsed laser whose output peak power was
anticipated to be much greater than 20 mW, thus linear absorption was not expected to be
a problem. Fig. 4-13 shows the output from an autocorrelator scan (166 fs/s) using this
detector and the stretched pulse laser discussed in Chapter 3. The results closely
resembled the first order scan from Fig. 4-10 using the Ge detector. Apparently linear
absorption was still dominant and must be eliminated from the autocorrelation trace in

order to obtain a second-order autocorrelation.

Sfs

Fig. 4-13: (a) Autocorrelation traces uSing a Si. APD and stretched pulse laser, (b) Interference fringe
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Based on these results, two-photon absorptioh in a photodiode was abandoned as

the detection scheme and the nonlinear crystal was used instead.

4.4.3 Autocorrelation using a nonlinear crystal

The Si APD was replaced with a 5 mm BBO crystal, a bandpass filter thaf
removes the fundamental, and a Si detector that detected the second harmonic signal (Fig.
4- 14). The efficiency of the crystal was tested using a high power CW laser and it was
found to be approximately two tinﬁes less than the calculated value. This was attributed to
possible misalignment of the crystal and the fact that the confocal focusing parameter

assumed in the calculations could not be met exactly. Refer to Appendix A for further
RR

details. L:__,..:]
/\

=
dE

- Linear motorized stage

Fig. 4-14: Schematic of the autocorrelator setup. FP-fiber port, RR- retro-reflectors, BS-
beamsplitter, BBO — second harmonic crystal.

The output from an autocorrelator scan (166 fs/s) using the configuration shown

in Fig. 4-14 and the actively modelocked fiber laser, discussed in Chapter 5, is shown in
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Fig‘.'_4-15.‘ Assuming a Gaussian profile, the pulse width at FWHM was estimated to be
10.6 ps (tg/1.414). Fig. 4-16 shows the same laser output measured on an optical

sampling oscilloscope; the pulse width was measured to be approximately 10.8 ps, in

good agreement with the results from the autocorrelator.

R SR AP

Fig.- 4-15: (a) Autocorrelation scan using the second harmonic crystal, (b) Autocorrelation after
passing through a low pass filter, which is equivalent to the intensity autocorrelation. '

Number Averanes =54

o i gy W
Lol
g

Fig, 4-16: Laser output measured using the optical sampling oscilloscope. The .'pulse width
was estimated to be approximately 10.8 ps. ‘ ’
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- Note that the peak to background ratio of the autocorrelation shown in Fig.
4—15(a) is not quite 8:1, as theory suggests. This is due to the fact that there is a slight
power imbalance between the two arms of the interferometer. This imbalance arises in
the beamsplitter, which does not split the power perfectly. The power imbalance was
measure to be approximately 5%. A simulation was performed and it was found that for
an imbalance of 5% the peak to background ratio is reduced. Fig. 4-17 shows the results

from this simulation.
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Fig. 4-17: Simulated autocorrelation scans for 5% power imbalance between the arms of the
interferometer. A) Interferometric autocorrelation and B) Intensity autocorrelation,

Note that the level at which the interference pattern starts relative to the peak is
_exactly at 1 for the simulated autocorrelaﬁon (Fig. 4-17), whereas in the experimental
scan, bthe interference starts at approximately 1.5 relative to the peak (Fig. 4-15). The
level at which the interference pattern begins is an indication of the chirp or phase
modulation of the pulse . The interferometric autocorrelation of a linearly chirped

Gaussian pulse (E(?) = exp[—(1+ia)(t/ g )*1) was simulated in Matlab. Fig. 4-18 shows

the result from this simulation for chirp parameters of 5 and 3. Comparison of Fig. 4-15

and 4-20 indicates a chirp parameter of approximately a <3 for the experimental pulse.
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Fig. 4-18: Simulated autocorrelation scan for a Gaussian chirped pulse.

Another way to test the pulse for chirp is by filtering the autocorrelation signal
after the detector. This can be done in hardware or equivalently by using digital filters.

The interferometric output taken directly at the detector in Fig. 4-14 can be written as

(refer to Appendix A for details):

S(7) =1+ G, (z) cos(w,) + 2G, (7) + 4F, (z) cos(wyT) + Fy(t) cos(2m,7)  (4.4)

where G,(7) is the response due to linear absorption (negligible), G2(7) is the intensity
autocorrelation and F)(7) and Fy(7) are autocorrelation functions which are defined in
Appendix A. If the output signal from the detector is filtered by a lowpass filter, then the
intensity autocorrelation G»(7) can be obtained. Conversely if the output is filtered by a
bandpass filter whose center frequency is set at 2wy and then envelope detected, this
produces the autocorrelation function |F2(7)|. When the pulse is chirp free, Ga(7) = |Fa(7)|.
However when the pulse is chirped, the FWHM of |Fy(7)| is smaller than Ga(7) 621,
Therefore the chirp of a pulse can be estimated by comparing G»(7) and |Fx(7)|. Fig. 4-19a
shows the interferometric autocorrelation trace obtained at the output of the detector, as
represented by (4.4). Fig. 4-19b shows G»(7) and

the interferometric autocorrelation signal. Assuming a Gaussian pulse shape, the pulse

Fy(7)| which are obtained by filtering
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width is approximated to be 12.4 ps from the intensity autocorrelation. Note that the pulse

is chirped, as the FWHM of G, is greater than |F|.

S R AR S
v
.
<
S S S

u,_
) I

Fig. 4-19: (a) Interferometric autocorrelation and (b) Filtered autocorrelation (blue — lowpass filter
and red - bandpass and envelope detected).

Hence the interferometric autocorrelation has proven to be an adequate tool for
the characterization of ultrashort pulses. It provides information regarding both the pulse

width and a qualitative estimate of the chirp.

4.5 Autocorrelation Summary

An interferometric autocorrelator was implemented and tested. A Si APD was
tested to determine its suitability for use as two-photon detector. The Si APD was found
to be unsuitable as the linear absorption was too high. A BBO nonlinear crystal and a

bandpass filter combination was also tested and found to be the best choice.

The autocorrelator was used to measure pulses from an actively modelocked fiber
laser (see Chapter 5). These pulses were long enough that a sampling oscilloscope could
be used for independent experimental verification. The autocorrelator produces results
that were in good agreement with the results measured by the sampling oscilloscope and
also with simulation results. Chirp was also investigated and it was found that the
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aUthere]ator could be used in conjunction with digital filters to give a qualitati\(e

estimate of the chirp.
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| 5 Experimental Results

5.1 Stretched pulse NPR Laser

Nonlinear polarization rotation is dependent on the polarization state of the input
beam relative to the polarization axes of the fiber. The importance of this is discussed in
Section 5.1.4. In order to achieve stable modelocking and short pulses, the input beam
into the fiber must be elliptically polarized and aligned in such a way that the angle
between the major axis of the ellipse and the fast axis of the fiber is small "%, Hence,
in an attempt to achieve modelocking, the first step was to align the input beam to one of

the fiber axes.

5.1.1 Obtaining pulsed operation
A simplified version of the laser schematic is shown in Fig. 5-1. To align the
input beam to the fiber axis, the A/4 plate is removed from PC1. The partial schematic
- shows the main types of fiber and polarization optics that made up the cavity. Typically
2 m of EDF (NOI, Er-123, D ~ 0.0102 ps®m), 1.25 m of SMF28 and approximately 0.5

m of Flexcorl060 were used in the cavity. Note that, for simplicity, the couplers are not

shown.
pPC2 Output PCI

A —
R
!

Transmission

Fig. 5-1: Partial Schematic of the stretched pulse NPR laser. PBS — Polarizing beamsplitter, PC 1&2
~ Polarization Controllers, EDF — Erbium doped fiber, and SMF28 — Regular single mode fiber.
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The section of SMF28 fiber was assumed to be isotropic since the length does not
exceed 2 m and standard SMF28 has low birefringence (refer to Section 2.5). Hence, if
linearly polarized light is launched it should emerge at the other end with the same
polarization and orientation since the effect of birefringence vanishes. Therefore it was
assumed that all of the rotation takes place in the EDF section. To begin the alignment
process, the pump power was slowly adjusted until the laser was running in CW mode.
The linearly polarized beam from the PBS was then rotated by the A/2 plate and launched
down the fiber as shown in Fig. 5-2. The A/2 plate was adjusted in 2° increments in
conjunction with PC2 while the outputs (rejection port of PBS and 5% coupler) were
monitored. The waveplates were adjusted in this fashion until a maximum output and
minimum transmission was obtained. At this point CW lasing essentially stopped. Recall
that the saturable absorber action introduces a loss that is large for low intensities but
significantly smaller for high intensities. Hence for the low power CW mode, the
waveplates were adjusted so that the loss is maximized inside the cavity. This alignment
was verified by rotating the A/2 plate by 45° from it previous position and monitoring the
outputs. If the beam was indeed aligned to one of the fiber axes, then rotating the input
A2 waveplate by 45° was expected to produce a 90° polarization state change at the input
to the PBS, thus giving minimal output from the PBS and maximum internal
transmission. In practice, rotation by 45° resulted in an output power that was
approximately zero but not completely extinguished. This was likely due to the fact that
the SMF28 fiber is not actually isotropic, but slightly birefringent. Note that any bends in

the fiber would add to the birefringence.

A2 Fiber
10

a) b) c)

Fig. 5-2: Polarization state launched into the fiber. a) Linearly polarized outpuf from ‘PBS, b)
Rotated linearly polarized output using the A/2 plate rotated by 6, and c) Rotated linear polarization
launched along one axis of the fiber.
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Once the input was approximately aligned to one fiber axis, a 7»/4 plate was
placed between the PBS and the A/2 plate at the input of the fiber, Note it could not be
concluded (from the method described above) if the beam was aligned to the effective
fast or slow axis. Rotating the A/4 plate between 0° and 45° produced an elliptically
polarized beam which was launched down the fiber at an angle determined by the setting
of the A/2 plate (see Fig: 5-3). Chang et al. [74] showed that along with the alignment to
the fiber axis, the ellipticity of the launched light is also vital in producing short stable
pulses. The ellipticity is defined as the ratio of the minor to major axis of the ellipse. The
ellipticity and the ellipse angle, i.e. the angle between the major axis of the ellipse and the
slow axis of the fiber, describe the state of the polarization. They found that stable
modelocking could only be obtained for small ellipticity. Hence the A/4 plate was only

rotated in a small range from its zero position.

W4 A2 Fiber
: |«
a) b) ¢) d) |

Fig. 5-3: Elliptical polarization state launched into the fiber. a) Linear polarization from PBS, b)
Linear polarization converted to elliptical by rotation the A/4 plate by a small amount, b) A/2 plate
rotates the ellipse and d) Ellipse launched relative to the fiber axis.

With PC 2 set to approximately 75°, A/2 set to 47°, A/4 set to 10° (all angles
relative to the transmission axis of the PBS) and a pump power of 30 mW, the output
spectrum from the rejection port of the laser is shown in Fig. 5-4. As can be seen from the
presence of the CW lasing mode the output was not consistent with a stable pulsed mode

| operation. In order to stabilize the output, PC 2 was adjusted. As the pump power was
increased, both the A/4 and PC 2 plates needed to be adjusted in order to obtain a stable
spectrum (i.e. one without any CW lasing mode “spikes”). The procedure for doing this
was fairly systematic; the pump power was slowly increased until the spectrum went

unstable. At this point, the increase in pump power was stopped and then PC 2 was
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adjusted until the spectrum was stable again. The pump power was then increased even

further until the spectrum became unstable again, at which point PC 2 was adjusted until

the spectrum was devoid of CW lasing modes.

Above a certain pump power, adjusting PC 2 was not sufficient to obtain a stable
spectrum. At this point the A/4 plate had to be adjusted in conjunction with PC 2. These
adjustments to the waveplates were typically small. There was also a second limit to how
much the pump power could be increased, since beyond some power no further
adjustment to the waveplates would allow for a spike-free spectrum. This was likely due
to high levels of peak pulse power in the cavity as a result of the increase in the gain
when the pump power was increased. These high levels of peak power were speculated to
result in a greater nonlinear phase shift than was required for modelocking. The laser
usually accommodates for this by operating in a multiple pulse mode, as discussed in
Chapter 3 and again later in this chapter. The laser could be made to operate in the single

pulse regime again by decreasing the pump power until a stable spectrum was obtained.

Atke A: 1559, 4y B: 1559, 4mm B-A: 6.0 Mke A 1550.8m 8: 1550.0m B-A: 0.0m
Ukr C: -3.0dBn D: -28.8dBn C-D: &.8d8 Ukr C: -3.BdBm D: -28.84 ¢-D: 25,048

‘ Nornal ( A) Normal (A )

a) 0)

-3. Bl -3, 0 sex

dBn dBn
n8dB | 5.8d8
div div
.gg.n -28.0

dBm dBm

2ol \
N . / N

-53.8 -53.8

dn / AN dn < N

1500.0nm  10.8mvdiv  1550.8rm “in Vac 1600. B 1500.00m  10.0nm/div 1550, 8 in Vac 1609. 8rm

- Fig. 5-4 Laser output spectrum with: a) A/4 plate set to 10°, A/2 set to 47°, and PC 2 set to 75° and, b)
- M4 plate set to 10°% A/2 set to 47°, and PC 2 set to 50°, Pump Power = 30 mW.

5.1.2 Empirical optimization'of the cavity

An experimental optimization was attempted using the configuration shown in

Fig. 5-5. First the effect of varying cavity length was investigated. Two main parameters,

stability of the spectrum and average output power, were considered.
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The output of the laser was monitored over an extended period of time using a :
spé_ctrum analyzer and a power meter. The length of the cavity was varied frdm a length
of 4 m to 20 m. NUFERN3S55 EDF was used for this experiment. It has peak absorption
of 8.7 dB/m at 1530 nm and estimated GVD of 0.0127 ps*/m at 1550 nm. For each cavity
length, the amount of EDF and SMF28 fiber used was chosen such that the total
dispersion in the cavity was approximately zero. Table 5-1 summarizes the results from
this experiment. For short cavity lengths the laser was very difficult to modelock and
once modelocking was obtained, the average power was very low. Thi"s might be
attributable to insufficient gain in the cavity, which was a result of the short lengths of

EDF. As the cavity length and thus the amount of EDF was increased, so was the average

power and stability.

~ Fig. 5-5: Schematic of the cavity used for testing the stretched pulse laser.

It was observed that for cavity lengths longer than 13 m the laser was stable only
fdr a few minutes. This was most likely due to vibrations or thé;mal drift, which would -
chénge the birefringence of the fiber, thus causing the laser to enter an unstable regime.
Fig. 5-6 shows the output spectrum of the laser for a 15 m long cavity when it was
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initially modelocked and after it has been running for a few minutes. Aftér numerous:
trials and based on the results in Table 5-1, a cavity length of 9 m was- chosen for

subsequent experiments. Results usmg shorter cavities will also be shown for comparison

purposes.

4m (lSm EDF and 0.5m N ‘ - Notpossnble to obtain
SMF28 & 2m pulsed mode
Flexcor1060)

4.5m (2m EDF and 0.5m 75 uW 22.5ns Stable
SMF28 & 2m ‘
Flexcor1060)

6m (3m EDF and Im 1 mW 30ns Stable
SMF28 & 2m :
Flexcor1060)

8m (4.5Sm EDF and 1.5m 2 mW 40 ns Stable
SMF28 & 2m
Flexcor1060)

9m (5m EDF and 2m 3.34 mW 45 ns ‘ Very Stable
SMF28 & 2m ' :
Flexcor1060)

15m (10m EDF and 3m 3.5 mW 75 ns Stable for approximately

SMF28 & 2m 15 minutes
Flexcor1060) -

Table 5-1: Average power and stability data for varying cavity length.
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Fig. 5-6: Output spectrum from laser when cavity length = 15m. (a) Immediately after obtaining
pulsed operation and (b) after a few minutes of stable pulsed operation.
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This experiment was repeated using NOI Er-123 EDF. In this case, a cavity length
of approximately 3.75 m, consisting of 2 m of EDF, 1.25 m of SMF28 and 0.5 m of
Flexcor1060, was found to produce the best results. For this cavity configuration the laser

was extremely stable in time and produced an average output power of approximately 4

mW.

5.1.3 Efficiency

For each of the optimized cavities discussed above, the efficiency of the
configuration was tested for both types of EDF. This was done by varying the pump
power and monitoring the output in both the CW and pulsed modes of operation. Pulsed
operation was obtained by adjusting the polarization controllers. The threshold for lasing
was found to be approximately 35 mW of 980nm pump power for the NUFERNS555 EDF
and 60 mW for the NOI Er-123 EDF. The output at full pump power (220 mW) in both
the CW and modelocked case was comparable to other results reported for this type of
laser ®°). The output power was approximately 40% of the power within the cavity,
determined by tapping a small percentage of the cavity power using a 95/5 fiber coupler,

comparable to the theoretical 50% that is suggested for this type of setup B,

The pump power was set to 220 mW and the polarization controllers were
adjusted to achieve stable pulsed operation. The pump power was then slowly lowered
“and the output power was monitored (Fig. 5-7). The spectrum of the laser for this setting
‘of the polarization controllers is shown in Fig. 5-8. These results are from the
configuration using 5 m of NUFERNS55 EDF. The results were almost identical for the
NOI Er-123, with the exception of slightly higher average output powers.

Self-starting pulsed operation in a single pulse regime was observed for pump

powers as low as 35 mW and retained for pump powers as high as 220 mW with an

‘ averége output power of 3.34 mW as shown in Fig. 5-7. For pump powers higher than
220 mW, the laser entered into the unstable regime as shown in Fig. 5-9, which will be

discussed later in this chapter.
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slowly lowered and the output power was observed as shown in Fig. 5-10. The frequency“

domain spectrum when operating in the CW regime is shown in Fig. 5-11.
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' Fig, 5-10: Output power versus pump power when the laser is operating in the CW regime. |

10.00
0.00 -
~-10.00 -

+-20.00 -

-30.00 -

Power [dBm]

. -40.00 -

-50.00 -

-60.00 : - ; , : : : .‘ . :
1500.00 1510.00 1520.00 1530.00 1540.00 1550.00 1560.00 1570.00 1580,00 1590.00 1600.00

Wavelength [nm]

Fig. 5-11: Output spectrum when the laser is operating in the CW regime
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5.1.4 Modes of Operation

As discussed in Chapter 3, stretched piilse fiber lasers tend to operate in one of
three modes: single short-pulse (per cavity round-trip time), muitiple-pulse or the noise-
like pulse modes. This section examines the different modes of operation for the stretched

pulse laser discussed above.

The pump power was increased beyond threshold and pulsed operation was
achieved through careful adjustment of the polarization controllers. The pump power was
then further increased until the spectrum became unstable. At this point the laser should
be operating in the multiple pulse regime. The results shown in Fig. 5-12 are for a cavity

- approximately 5 m long, consisting of 3m of NUFERNS555 EDF, 1.5 m of SMF28 and
0.5m of Flexcorl060. The total dispersion was approximately 0.0016 ps®. The time
domain output of the laser as seen on the oscilloscope and the spectrum are shown in Fig.
5-12. From the oscilloscope trace it can be seen that there were three pulses per round trip
inside the cavity. The pulses were spaced approximately 10 ns apart and they repeat
every period. Since the pulses were spaced uniformly in the cavity, this is known as a
special regime of operation called passive harmonic modelocked "operation. This
technique can be used to increase the repetition rate of the laser but it is often difficult to

produce stable equal amplitude pulse train unless special stabilization techniques are used
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Fig. 5-12: A) Time domain output of the laser operating in the multiple-pulse regime with 3 single-
pulses existing in the cavity per round trip. The period of the laser is 26 ns. B) Output spectrum for
the laser operating in the multiple-pulse regime. Pump power = 80 mW
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The interferometric and intensity autocorrelation trace for this mode of operation
is shown in Fig. 5-13. Note that the peak to background ratio is not 8:1 for these traces.
This perhaps indicates that the laser was operating in a noise-like multiple-pulse regime.
The ratio for the interferometric trace was approximately 4:1 and for the intensity trace
approximately 2:1, which is typical for noise-like pulses (51 Multiple pulses did not show
up in the autocorrelation trace, as the delay could only be scanned over a 30 ps range.
This was a limitation of the translation stage used to scan the delay. The autocorrelation
trace also indicates the instability of this mode of operation. Notice the random nature of
the background signal compared to the one in Fig. 5-15 for the single pulse regime. This

is an indication of the instability of the output power in this mode of operation.

The threshold for multiple-pulse operation is reportedly higher than that for
single-pulse operation (731 "hence if the pump power was reduced, the laser should enter
the single-pulse regime. The output as seen on the oscilloscope and spectrum analyzer is
shown in Fig. 5-14, for the case when the pump power was reduced. Notice that with the
reduction in the pump power the additional pulses have been suppressed. Also notice the
non-uniformity of the pulse train amplitude. This was attributed to pulse-to-pulse
amplitude fluctuations. These fluctuations have been reported ®2 to be due to the
alignment of the polarizer relative to the birefringence axes of the fiber and the
birefringence strength. The autocorrelation trace is shown in Fig. 5-15. Notice that the
péak to background ratio for the autocorrelation trace is still not 8:1 indicating that this is

not truly a short single-pulse mode.

! Atfcarelation scan using fllst and B

¢ i H H
20 . 2 A
Time [ps] o

Fig. 5-13: A) Interferometric autocorrelation trace for multiple pulse regime with a peak to
background ratio of 4:1 and B) Filtered interferometric autocorrelation (intensity autocorrelation)

with a peak to background of 2:1.
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Fig. 5-14: A) Time domain output of the laser operating in the single-pulse regime (single pulse per
round trip). The period of the laser is 26 ns. B) Output spectrum for the laser. Pump power = 65
mW,

Fig. 5-15: A) Interferometric autocorrelation trace for single pulse regime with a peak to background
ratio of 4:1 and B) Filtered interferometric autocorrelation (intensity autocorrelation) with a peak to
. background of 2:1. :

Comparing the intensity autocorrelation traces for the single-pulse and multiple-
pulse modes it can be seen that the pulse shapes and widths are almost identical with the
exception of the background signal. The normalized intensity autocorrelation trace for the
two modes of operation is shown in more detail in Fig. 5-16. The figure shows a main
peak of identical width sitting on top of a pedestal for both modes of operation. This

(73]

perhaps indicates that the laser is actually operating in the bound soliton regime '~ since
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the pulse did not change with a change in pump power. Another indication is that the
pedestal (or side peaks) were half of the main peak, which is indicative of two bound-
solitons "), Because of the slow detector rise time and the fact that bound solitons are
spaced vefy closely together, this mode of operation cannot be seen on the oscilloscope.
Gong et al. " found that the threshold of bound solitons is the same as the pump power
for two single-so]iton pulses existing in the cavity and that further increasing the purrip
power will result in multiple bound-soliton operation. For a pump power of 80 mW as
shown in Fig. 5-13, the laser output resembles the output for the bound soliton regime
where there was also three single-soliton pulses existing in the cavity per round trip.
When the pump power was reduced to 65 mW, the multiple pulses were extinguished but

the pump power was still high enough to maintain the bound-soliton state.

— Multiple-pulse
— Single-pulse

Bound Solitons

]
]
'

[ R R PR

Flg 5-16: Normalized intensity autocorrelation trace outlining similarity and nature of the pulse
shapes for multiple-pulse and smgle-pnlse mode of operation.

In order to produce bound solitons, it has been reported that the birefringence in
the laser cavity must be low and the total cavity dispersion must be negative M1 The
dispersion of the laser cavity described above was estimated to be net positive, however
this was only an approximation, as the exact dispersion of the EDF was not known. This
is because the dispersion of EDF cannot be easily measured and was not provided by the

manufacturer. Hence, it was approximated based on the numerical aperture and core
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diameter using a simple step index waveguide calculation discussed in Appendix A.
Therefore, it is possible that the net cavity dispersion was negative. Furthermore, the

cavity birefringence was not known accurately.

The bound-soliton state was further tested by adjusting the polarization controllers
and varying the pump power. The intensity autocorrelation trace is shown in Fig. 5-17.
Notice that the pulse width and separation of the side peaks were unchanged for different

pump power, suggesting that the laser might be operating in the bound-soliton regime.
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. Fig. 5-17: Intensity autocorrelation of two-bound solitons for different power powers. The width of
. the center peak is approximately 200 fs.

The pump power was further reduced and the polarization controllers adjusted
until a single pulse non-bound soliton mode of operation was obtained. The spectrum and
time domain information is shown in Fig. 5-18. The corresponding autocorrelation traces
are shown in Fig. 5-19. This resembles a typical autocorrelation trace for single-pulse
mode of operation for a stretched pulse NPR laser 7). The side peaks (“wings”) on either
side of the main peak were only a fraction of the height of the main peak and were not
considered to contain a significant amount of power. The width of the main peak is

almost identical to the width of the main peak in the bound-soliton case in Fig. 5-17.
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Fig. 5-18: Optical spectrum and time domain of the laser operating in a possible single non-bound
soliton mode. Pump power =75 mW.

Fig. 5-19: A) Interferometric and intensity autocorrelation trace for single pulse regime. The width of
the center peak is approximately 250 fs. Cavity contained 3 m of NUFERN555 EDF and net
dispersion of 0.0016 ps’.

The peak to background ratio of all of the interferometric autocorrelation scans
thus far has been 4:1 and 2:1, instead of 8:1 and 3:1, which should be the case if the laser
is operating in a short-pulse regime. This is indicative of the noise-like mode of operation
discussed in Chapter 3. A feature of a noise like pulse is that the autocorrelation output
gives a very narrow pulse, causing one to believe that femtosecond pulses have been

obtained. However, the peak to background ratios and the output on the oscilloscope
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indicated that rather than producing femtosecond pulses the laser was producing pulses
huﬂdreds of picoseconds long as shown in Fig. 5-20. The pulse width shown in Fig. 5-20
is a good estimate of the actual pulse width as the bandwidth limit of the detector and
scope was estimated to be approximately 100 ps. Associated with the noise-like mode of
operation are pulses with low coherence length and broad spectra. Horowitz et al. (73]
suggested that the 2:1 peak to background ratio of these pulses indicates that the power of
the noise-like part of the pulse intensity is similar to the average pulse power, which leads
to the conclusion that most of the pulse energy is noise-like and does not have any |
significant ordered structure. Gong et al. (73] attributed narrow pulses with a peak to
- background ratio of 2:1 to a noise-like pulse with the fine structure of a very narrow
| pulse. Further they assert that this fine structure has a very rapidly varying time jitter.

Noise-like pulses have been produced in long and short cavities, as well as cavities with

negative and positive dispersion. The only real consensus on this mode of operation is

that it is related to the cavity birefringence. Horowitz and Silberberg (761 suggest the

cavity birefringence has to be significant whereas Gong et al.! were able to produce
noise-like pulses with low birefringence cavities. As mentioned earlier, the birefringence
of our cavity is unknown and hence it is possible that the conditions in our laser are such

that it produces only noise-like pulses.
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Fig. 5-20: Laser output as seen on the oscilloscope for a noise like pulse. -
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One interesting property of noise-like pulses is that they can propagate through
hundreds of meters of fiber without any change to the narrow coherent peak in the
autocorrelation trace. It was believed that this was because the phase distortion caused by
the fiber dispersion was relatively weak compared with the initial noise of the pulses and
therefore only has a small effect on the coherence (5] This was tested here by adjusting
the lengths of output fiber of the laser while monitoring the autocorrelation trace. The
normalized intensity autocorrelation trace is shown is Fig. 5-21. Notice that even after
propagating through 10 Km of fiber the width of the coherent spike remained unchanged.
This provides strong evidence that the laser was operating in a noise-like regime. A 250
fs transform limited pulse propagating through 2 m of regular fiber would disperse to
approximately 430 fs, through 7 m would disperse to 1.25 ps and through 10 km would

disperse to 1.75 ns.

—— lout = 10Km
| — lout=2m
— lout=7m

Fig. 5-21: Intensity autocorrelation trace of noise-like pulses after propagating through different
lengths of fiber. The width of the center peak remains unchanged with a width of approximately 250
fs. Cavity contained 3 m of NUFERNS555 EDF and net dispersion of 0.0016 ps.

For the laser described above, no combination of waveplate settings was found
that produced short-single pulses. Hence the cavity was changed in an attempt to change

the dispersion map and the birefringence. The cavity was changed to a 9 m cavity
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containing 5 m of NUFERNS555 EDF, 2 m of SMF28 and 2 m of Flexcorel060. The net
disbersion was estimated to be 0.005 ps?, slightly higher than the previous cavity. Since
this cavity was longer, the birefringence was éssumed to be higher. However with a
longer length of EDF it was hoped that the increased NPR might enable modelocking in
the short-single pulse regime. Chang and Chi " theoretically demonstrated that most of
the NPR occurs in the EDF where the intensity is high. Hence, increasing the length of
EDF should increase the NPR and minimize the possibility of partial modelocking
because of insufficient NPR. The optical spectrum and pulse width measured on the
oscilloscope for the single pulse operation is shown in Fig. 5-22. The measured pulse
~ width was approximately 250 ps, which was well below the bandwidth limit of the
detection system. The autocorrelation trace is shown in Fig. 5-23. Notice that the peak to
background ratios for the autocorrelation trace are still not 8:1; further indicating that the

laser was still operating in the noise like regime.
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Fig. 5-22: Output of the laser as seen on the spectrum analyzer and the oscilloscope for a single pulse
noise-like mode of operation. Cavity contained 5 m of NUFERNSS5S EDF and net dispersion of 0.005

ps’. Pump power = 90 mW

The output of the laser was put through various lengths of SMF28 and the
autocorrelation traces were monitored. As can be seen from Fig. 5-24, the width of the
central peak does not change significantly for different lengths of output fiber. This
shows that the fiber dispersion had very little effect on the pulse width. No combination

of waveplate settings was found that would produce truly modelocked operéltion. With
- 86 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



this cavity, the bound soliton state was also unobtainable. However, multiple pulses were

easily obtained by increasing the pump power until the spectrufn became unstable.

S
;R L v N
Co-Tima fps}

Fig. 5-23: Autocorrelation trace for a single pulse noise-like mode of operation for a cavity containing .
5 m of NUFERNS555 EDF and net dispersion of 0.005 ps’

Intensity Autocorrelation.

— Lout =10’ Km
—Lout=2m
—Lout=7m

By U S P RS-SRS

Fig. 5-24: Laser output after propagating through different lengths of output fibers.

The amount of SMF28 in the cavity was then increased to 3 m in another attempt
to change the dispersion map (a net negative dispersion) and the output was monitored
usiﬁg the autocorrelator. Short-pulse mode of operation remained elusive. The amount of
SMF28 was then reduced to 1 m and the autocorrelation trace was monitored as the

polarization controllers were adjusted. Again only the noise-like mode of operation was
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obtained. It was suspected that the estimation for the dispersion and birefringence of the
NUFERNS555 EDF was not accurate enough to design a cavity that was capable of

producing short pulses.

Using the NUFERNS555 EDF the only stable mode of operation supported by the
laser was the noise-like mode. This lead to the conclusion that the birefringence of this
fiber was significant and that the dispersion is also much more positive than we have
estimated. Hence a new cavity was constructed using a different type of EDF. The cavity
contajned 2 m NOI Er-123 EDF, 0.75 m of SMF28 and 0.5 m of Flexcorl060. The
dispersion of the EDF was estimated to be approximately 0.0102 psz/m, making the net

cavity dispersion approximately 0.004 ps’.

Pulsed operation was obtained by carrying out the procedure outlined in Section
5.1.1. The pump power was increased to the point where there was no adjust’ment of the
polarization controller that could produce a stable spectrum. It was then reduced slightly
below that point. At this point the laser should be in a single pulse regime or perhaps the
bound soliton state as discussed above. The laser output as seen on the spectrum analyzer
and the oscilloscope is shown in Fig. 5-25. The spectrum and the pulse train are fairly

stable in time.

From the output on the oscilloscope the laser does appear to be operating in the
single pulse regime. However, looking at the autocorrelation trace in Fig. 5-26, it can be
seen that the laser is actually operating in a mode that is often referred to as a bunch state
[73] The oscilloscope trace did not reveal this because of the bandwidth limitation of the
detection system. In this state, the pulses are bunched together around the main pulse.
This state is different from the bound soliton state as the height of the side peaks are not
insignificant compared to the center peak. It was reported 3] that a reduction in the pump
power should change this state to the single pulse state. The autocorrelation trace in Fig.

5-27 shows the autocorrelation trace when the pump power is reduced to 125 mW.
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Fig. 5-25: Laser output as seen of the spectrum analyzer and the oscilloscope for a cavity containing 2
m of NOI Er-123 EDF. Pump power =150 mW.
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Fig. 5-27: Autocorrelation trace for single pulse state for pump power of 125 mW."_
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- Notice that the laser was still operating in the noise-like mode. No combination of
wavéplate adjustments, cavity configuration, or pump power was found that produced a
stable short-pulse regime. This might be due to the birefringence of the cavity, as
discussed previously. In an attempt to reduce the birefringence, the cavity was shortened
by reducing the length the EDF. A new cavity was constructed using 1 m of NOI Er-123-
1 fiber, which was almost identical to the NOI Er-123 with the exception that it has a
higher absorption coefficient (higher Er concentration) and hence the pump threshold was
much higher. The cavity consisted of 1 m of NOI Er-123-1 EDF, 0.7 m of SMF28 and
0.5 m of Flexcor1060. The net cavity dispersion was approximately -0.0087 ps®. This is
‘the shortest cavity that could be constructed, limited by the pigtails on the isolator and
WDM. The optical spectrum and pulse train is shown in Fig. 5-28. The corresponding
autocorrelation trace is shown in Fig. 5-29. The average output power for this
configuration was approximately 1 mW.

Reducing the pump ‘power did not have a significant effect on the output of the

laser, other than a reduction in the average power. For pump powers below 120 mW, the

laser stopped lasing. For pump powers above 220 mW the laser entered the multiple-

pulse regime.
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Fig. 5-28: Laser output as seen on the spectrum analyzer and oscilloscope for the single pulse regime.
Pump power = 220 mW for cavity containing 1 m of NOI Er-123-1.
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Fig. 5-29: Interferometric and Intensity autocorrelation trace for single pulse regime.

~ The noise-like and multiple-pulse modes were the only modes of operation
obtainable for this cavity configuration. In an attempt to change the dispersion map, the
amount of SMF28 in the cavity was increased to 3 m, for an estimated net cavity
dispérsion of — 0.059 ps®. Pulsed operation was obtained by properly adjusting the
polarization controllers. The pump power was then slowly increased until the spectrum
became unstable. The laser should now be in a multiple-pulse, bound-soliton or bunched
state. The optical spectrum and output as seen on the oscilloscope is shown in Fig. 5-30.
It appeared as though the laser was operating in either a multiple bunched-soliton or -
mu]tiple bound-soliton mode with pulse separation of approximately 5 ns. From the
autocorrelation trace shown in Fig. 5-31 it appears as though it was the multiple bound
state with three or perhaps four bound solitons. Varying the pump power and monitoring
the adtocorrelation trace confirmed this. Recall thét variation in pump power should have
very little effect on bound solitons. The intensity autocorrelation trace for varying pump
powers is shown in Fig. 5-32. The pump power was varied from 200 mW to 140 mW.

Over this range the optical spectrum was stable, i.e. there were no spikes in spectrum.
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Fig. 5-30: Optical spectrum and oscilloscope picture for the 1 m of NOI Er-123-1 EDF cavity with a
net dispersion of —0.059 ps®%. Pump power = 220 mW.
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Fig. .5-31: Intensity and autocorrelation trace for 3 bound solitons. For the 1 m of NOI Er-123-1 EDF
cavity with a net dispersion of —0.059 ps®. Pump power = 220 mW.

Fig. 5-32: Intensity autocorrelation trace of three bound solitons for pump powers varying from 200

mW to 140 mW. ‘
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For this cavity configuration and setting of the polarization controllers, the laser

was apparently operating in the bound soliton regime. In an attempt to obtain the single

pulse mode, the pump power was reduced to threshold and the polarization controllers

readjusted to obtain modelocking. The spectrum and oscilloscope trace is shown in Fig.

5-33. Notice that the spectrum was completely different from the one in Fig. 5-30. This

was an indication that the laser might be operating in a mode other than bound-soliton

~mode. The corresponding autocorrelation trace is shown in Fig. 5-34. In this mode of

operation the average power was only 0.5 mW and the autocorrelation trace is noisy.
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Fig. 5-33: Optical spectrum and oscilloscope picture for the laser operatmg in single pulse regime, for
the 1 m of NOI Er-123-1 EDF cavity with a net dlspersmn of -0.059 ps Pump power =145 mW,
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Fig. 5-34: Interferometric and mtensng' autocorrelation trace for the 1 m of NOI Er-123-1 EDF

cavity with a net dispersion of —0.059 ps®,

Pump power =145 mW.
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Based on the autocorrelation trace it was difficult to conclude if this was truly a
single pulse regime. What could be concluded was that the laser was not operating in the

short-pulse mode but rather it was still operating in the noise like mode.

~ Usually the spectrum for bound solitons and bunched solitons is strongly
modulated, reflecting the phase relationship between the pulses U"?) For the laser
discussed in this section however, this was not the case. It was speculated that since this
laser was operating in the noise-like mode, which is equivalent to the laser not being fully
modelocked, the phase relationship between the modes was not very strong. Hence the
spectra did not appear to be strongly modulated. It was not fully understood why full
modelocking to obtain the short pulse mode could not be obtained for the cavities used.
The unknown dispersion and birefringence of the fiber were believed to play a role. Also,
there was limited precision possible when adjusting the PCs. The alignment of the fiber
axis and the input polarization is reported crucial to obtaining modelocking *%. Salhi et
al. ® theoretically demonstrated that the region of stable modelocking becomes
extremely small as the angle between the eigenaxes of the SMF28 and EDF becomes

(80]

large. This was demonstrated by Fig. 5-35 taken from © where 0. is the angle between

the eigenaxes of the EDF and the “passing” axis of the polarizer and 0. is the angle

between the eigenaxes of the SMF28 and the “passing” axis of the polarizer. The passing

axis of the polarizer refers to the transmission axis of the PBS. The figure shows the
regions of operation when the angle (o) between the eigenaxes of the two fibers is 0 ° and
135 ° for a net cavity dispersion of 0.037 psz. The behaviour for a slightly different

dispersion and a is shown in Fig. 5-36.

The modelocking regime was found to have the largest stable region when o = 0,
90 or 180 °. Conversely the region was the smallest when o = 45 and 135 °. Hence the
modelocking regime is more efficient when the eigenaxes of the doped and undoped
fibers are aligned, i.e. when o = 0 or 90 °, When the GVD was reduced, modelocking was
found to occur in a smaller region and the shape of the stable region is different from Fig.

5-35. These results illustrate that alignment of the fiber axes is crucial in order to obtain

stable modelocking,.
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Fig. 5-35: Stability regions of the CW and the modelocked regimes in the plane (8. 6,) for a total
cavity dispersion of 0.037 ps2 and (a) o.= 0 °and (b) o. = 135 °. In the white region, the CW regime is
stable, in the llght gray region both the CW and the modelocked regimes are unstable; and in the
dark gray region the modelocked regime is stable [80].
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‘Fig. 5-36: Stability regions of the CW and the modelocked regimes in the plane (6. 6,) for a total
cavity dispersion of 0.011 ps2 and (a) o.=5 °and (b) 0. = 89.5 °. In the white region, the CW regime is
stable, in the light gray region both the CW and the modelocked reglmes are unstable; and in the
dark gray region the modelocked grime is stable [80]. '

In an attempt to address the alignment problem, shorter lengths of SMF28 were
tested using the alignment procedure outlined in Section 5.1.1. For the longer cavities
shown in Table 5-1, the alignment process became extremely difficult because the
isotropic assumption no longer holds. In an attempt to better align the fiber axes, in this
‘case, a polarization controller was placed between the two sections of fiber. This added
another degree of freedom to the alignment process, increasing the alignment difficulty.

Modelocking in the short-pulse regime was still unobtainable.
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5.1.5 Summary and discussion of results for Stretched pulse NPR laser

Although several experiments were performed, a short pulse mode of operation‘
was not obtained. Long cavities “with little or no dispersion management” reportedly -
have a tendency to operate in the noise-like regime 571 Hence the cavities in the
experiments were kept relatively short and an attempt was made to balance fhe
dispersion. However because the dispersion of the EDF was not known, it was difficult to
conclude that the dispersion balance criterion was met. This, coupled with the fact that
the birefringence of the EDF was unknown, made the design of the laser cavity extremely
challenging. Another obstacle was the alignment of the fiber axes. There is no published -
work on how to experimentally align these lasers, but there are several theoretical studies
that indicate the importance of the alignment of the fiber axes and the input state of

polarizatjon 7'} 741[80]

Similar to the experiment performed by Horowitz et al. (5] the effects of the
‘birefringence combined with the gain response of the EDF were experimentally observed
when the laser was operated in CW mode. By varying the polarization controller the
lasing wavelength (frequency) could be varied between approximately 1535 nm and 1565
nm for the Nufern555 EDF as shown in Fig. 5-37, and between approximately 1555 nm
to "1562 nm for the Er-123 EDF as shown in Fig. 5-38. As explained in [75], this
tunability is attributed to the birefringence of the EDF. From this experiment we are able
to conjecture that the birefringence of the Nufern555 EDF was much higher than that of
the Er-123 EDF. This also might explain why the modelocked spectrum was different for
different polarization controller settings as shown in Fig. 5-39. The non-Gaussian
spectrum shape was believed to be due to the combined effect of GVD and SPM in the
cavity. Further, the output was taken from the rejection port of the PBS after the EDF
section, where the pulses are believed to be strongly chirped. All of these factors
contribute to a non-Gaussian spectrum shape. Finally, these types of spectra are common

~ for this type of laser 57,
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Fig. 5-37: CW spectra for varied settings of the polarization controllers for a cavity consisting of 3m
of Nufern555 EDF.
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Fig. 5?38: CW spectra for varied settings of the polarization controllers for a cavity consisting of 1m
of Er-123 EDF.
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Fig. 5-39: Modelocked spectra for varied settings of the polarization controllers for a cavity -
consisting of 3 m of Er-123 EDF. ‘ ‘
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In summary, the only stable mode of operation for the laser discussed in this
section was the noise-like mode. This mode of operation has many advantages over the
conventional short pulse mode. The spectrum and pulse train were extremely stable over
time. Adjusting the parameters of the cavity allowed control over some properties of
noise-like pulses, such as average power and pulse duration. Horowitz and Silberberg
previously demonstrated successful control of noise-like pulses (761 They were able to
obtain relatively intense noise-like pulses with a width of a few picoseconds. Lasers of
this type could have applications in areas where low-coherence sources with broad
spectra are needed. Unlike most sources of low-coherence light, these lasers can produce
relatively high peak power in a well-defined pulse shape. Noise-like pulses have actually

been used for interrogating an array of fiber gratings ),

5.2 Stretched pulse figure-8 laser with NOLM

Additive pulse modelocking can also be obtained by using a NOLM as discussed
in Chapter 3. This section discusses the results from an attempt to construct a stretched
pulse NOLM laser. The schematic of the laser setup is shown in Fig. 5-40. This laser was
different from the stretched pulse NPR laser discussed in Section 5.1, in the sense that it

- was an all fiber cavity and APM action was achieved by constructive/destructive
interference effect of the counterpropagating pulses at the variable coupler. The cavity
consisted of 2.25 m of Flexcorl1060, 4.85 m of SMF28 and 2 m of NOI EDF (GVD =
0.058 psz/m), making the total cavity dispersion for both rings approximately -0.0065 ps.

Isolator

Fig. 5-40: Schematic of the experimental configuration for the stretched pulse figure-8 NOLM laser.
PC1 and PC2 - polarization controllers, EDF ~ Erbium doped fiber, VC - Variable coupler, 1060 ~
Flexcor1060 fiber and WDM - Wavelength division multiplexed coupler. ‘
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5.2.1 Obtaining pulséd operation

‘ Pulsed operation was obtained by adjusting the variable coupler so that the
coupling ratio was close to 50/50 and subsequently adjusting the polarization controllers.
Pulsed operation was obtained for relatively low pump power of approximately 20 mW.
Since nonlinear polarization rotation does not play a role in this cavity configuration, no
attempts were necessary to align the eigenaxes of the fibers. Usually for a cavity of this
type some sort of external perturbation ®" or a semiconductor saturable absorber is
needed inside the cavity ®¥ in order to initiate modelocking. For the laser discussed in
this section the possibility of obtaining modelocking without employing either of these

was investigated.

5.2.2 Modes of Operation

For pump powers above 20 mW the laser appeared to be working in the multiple-
bound soliton regime. The optical spectrum and oscilloscope picture is shown in Fig.
5-41. The average output power for this configuration was app_roximately 0.25 mW, too
low to perform an autocorrelation scan with our setup. For the polarization controller and

coupling ratio settings described above, this was the only mode of operation obtainable.

From Fig. 5-41 it appeared that the laser was not operating in a stable short pulse

- regime. The spectrum is typical of a laser that was operating in the bound soliton regime

or what is sometimes referred to as phase-locked‘soliton pairs 1 From the time domain,

it is clear that the laser is producing nanosecond pulses, suggesting that the laser was
operating in the noise-like regime. "

For a small adjustment of the variable coupler and the polarization controller, a
multiple pulse mode, possibly the bunched soliton state, was obtained. The optical
spectrum and oscilloscope picturo is shown in Fig. 5-42. This mode was‘extremely

- unstable and the average output power was too random to obtain a proper autocorrelation
trace. The pulses were separated by Ins, too large a separation to say that this was the

bound-soliton state. This mode also produced unstable nanosecond pulses.
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20 mW, A) Output spectrum, B) Time domain as seen on the oscilloscope, and C) Zoomed in on one
of the pulses on the scope. The polarization controller and variable coupler setting were readJusted

for this experiment,.
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The pump power was reduced and the polan‘zation‘ controllers adjusted until what
appeared to be a single-pulse mode was obtained. The optical spectrum and oscilloscope

picture are shown in Fig. 5-43.
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Fig. 5-43: Stretched pulse NOLM output for net cavity dispersion of ~0.0065 ps’ and pump power of
13 mW. A) Output spectrum, B) Time domain as seen on the oscilloscope, C) Zoomed in on one of the

pulses on the scope.

The output shown in Fig. 5-43 was very interesting, particularly the oscilloscope
trace. This was the first time a pulse of this nature was seen, where the rise time was
longer than the fall time. At first glance this was thought to be due to slow saturable
absorber shaping. This is not likely, however, as the saturable absorber action of these
lasers is fast compared to the relaxation time of the gain medium. (The gain relaxation
time for Er is approximately 1 ms). It was surmised that this shaping was more likely due
to the fact that the laser was operating in the noise-like mode that had a very rapidly

varying time jitter that tended to smear out the oscilloscope trace. Similar results were
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obtained by Gong et. al. for the noise-like mode of operation ?!, To verity that the laser
was indeed operating in the noise-like mode an autocorrelation scan was performed and
~ the output is shown in Fig. 5-44. The measured pulse width based on the autocorrelation
traces is approximately 2 ps and the peak to background ratio is not 8:1, indicating that

the laser was operating in the noise-like regime.

;Altotarrelation 86an sing fiter and BBO; . " Low pass fiter of the origins
T T T T

; ; ; L . ; ; ;
10002000 3000 4000 -5000 - 600D 7000 §000 9000 - 10000 -
~ N Time [fs) PR

Fig. 5-44: Interferometric and Intensity autocorrelation trace for stretched pulse NOLM operating in
the noise-like mode.

Several attempts were made to modelock the NOLM laser in the short pulse
regime but without success. Various EDF, cavity lengths and net dispersion were tried
but the short pulse mode was unobtainable. It was concluded that modelocking in the
short pulse regime could not be obtained without the use of some sort of external

perturbation or an actual saturable absorber to initiate modelocking.

5.3 Comparison of NOLM and NPR lasers

Stretched pulse NOLM lasers are said to be more stable against environmental
affects than Stretched pulse NPR lasers. The increase stability is said to be due to the fact

that the NOLM operation does not depend on polarization directly (821,

The NOLM laser has also been reported to produce pulses with clean smooth
spectra compared to the spectra from the NPR laser 82 The difference between the
spectra was not very noticeable in the lasers discussed in this thesis. This was most likely
due to the fact that the NOLM was not modelocked properly. Another advantage of the

NOLM is that the pulses from the laser do not contain the “wings” as those from the
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stretched pulse laser 821 This is noticeable when comparing the autocorrelation traces in
- Fig. 5-44 and Fig. 5-27. Pulses without “wings” and a clean smooth spectrum are
attractive properties in lasers that are used for spectroscopic and characterization

experiments.

5.4 Actively modelocked fiber ring laser

Active modelocking can be obtained by using an amplitude modulator as
discussed in Chapter 3. This section discusses the results from the experimental
realization of an actively modelocked fiber ring laser. The schematic of the laser setup is
shown in Fig. 5-45. The cavity consisted of 9m of SMF28, 3 m of Flexcor1060 and 10 m
of 3M EDF (GVD ~ 0.08 ps®/m), making a 22m long cavity with a net dispersion of
approximately 0.581 ps. The net cavity dispersion is much higher than those for the
passive laser.. As discussed in Chapter 3, higher dispersion can be beneficial in

harmonically modelocked fiber lasers, enabling a stable tunable source 71,

Isolator

—p PC

Synthesizer

Bias

WDM
Lommpoyy Wy

EDF

| oz/08

L]

WDM

Fig. 5-45: Schematic of the experimental configuration for the actively modelocked fiber ring laser.

5.4.1 Obtaining modelocking and investigating the regimes of operation

Modelocking was obtained by setting the modulation frequency to the
fundamental frequency of the cavity (or one of its harmonics) and subsequently adjusting

~ the polarization controller and the modulator bias, to ensure that the intracavity loss was
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low. Modelocking was obtained for a relatively low pump power of approximately 25
mW, and with the modulator bias set to approximately 4.5 V. Fig. 5-46 shows the output
spectrum and oscilloscope trace when the modulation frequency was set to 9.9723 GHz,

which is close to the 1097™ harmonic of the fundamental frequency (9.091 MHz). The

1nea§ured pulse width was approximately 13.5 ps.
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Fig. 5-46: Optical spectrum and osciiloscope trace for a harmonic actively modelocked fiber laser
when the modulation frequency is set to the 1097"™ harmonic (9.97 GHz).

~ From the output spectrum it can be seen that the laser is operating in a multi-
waveiength regime. This is not uncommon for long cavities with large positive dispersion
71 In fact this can be exploited for obtaining tunable operation by adjusting the
modulation frequency 86187} For the laser discussed above, single wavelength operation
was unobtainable regardless of the modulation frequency. However by changing the
modulation frequency and the modulator bias, the number of wavelengths could be
reduced and wavelength tunability was observed. This will be shown in the results that

follow.

The output spectra when the laser is modulated at the 1012™ and 1022™ harmonic
are shown in Fig. 5-47. Notice that the laser is still operating in the multi-wavelength
mode but the number of modes have been reduced to three. Also notice that the
wavelengths have been shifted. The intensity autocorrelation and oscilloscope trace,
when the laser is modulated at the 1012"™ harmonic, are shown in Fig. 5-48. The output is
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very éimi]ar when it is modulated at the 1022™ harmonic. The pulse width is measured to

be approximately 10.5 ps for both the 1012" and 1022 harmonic as shown in Fig. 5-48.
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Fig. 5-47: Optical spectrum for a harmonic actively modclocked fiber laser when the modulation
frequency is set to the 1012™ and 1022™ harmonics, respectively.
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After amplifying the laser using 5 m of 3M L-Band EDF, pulse splitting was
observed as shown in Fig. 5-49. This is an indication that the laser output contained two
or more synchronous. pulse trains with different wavelengths. This confirms what is
indicated by the optical spectrum shown in Fig. 5-47. Li and Chan 7] yeported similar
results for an actively modelocked fiber laser of this type, whose output was propagated

through a length of highly dispersive fiber.
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Fig. 5-49: Optical pulses after amplification for the laser modelocked at the 1012" harmbnic

As mentioned earlier, siﬁgle wavelength operation could not be d_btained by

: simply changing the modulation frequency. To obtain single wavelength tunable

operation, a JDS tunable bandpass filter (TB1500B) was inserted in the cavity. The

optical spectrum and oscilloscope trace are shown in Fig. 5-50. The autocorrelation trace

is shown in Fig. 5-51.
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Fig. 5-50: Optical speéti'um and oscilloscope trace for single wavelength operation and modulation at

the1097" harmonic.
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Fig. 5-51: Interferometric and Intensity autocorrelation for single wavelength operation. Pulse width
is approximately 13 ps.

If a Gaussian pulse shape is assumed, the measured pulse width is approximateiy
13 ps. Using this pulse width and the spectral bandwidth of 0.31nm (Fig. 5-50), the time-
bandwidth product is calculated to be approximately 0.503, which is very close to the
ideal value of 0.441'%. This reveals that the pulses are almost transform limited. It
should be noted that this is the pulse width after propagating through 5m of SMF28
(chirp compensation) at the output of the laser. The chirp was further assessed by using
the analysis technique discussed in Section 4.4.3. As can be seen from Fig. 5-52,
corhparing the two autocorrelation traces reveals very little difference. This provides

evidence that the pulses were almost transform limited.

Fig. 5-52: Comparing filtered autocorrelation traces to test for chirp. (Refer to Section 4.4.3 for
details). ‘
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“The RF bspe’ctrum of the output after détection using a high-speed detector is.
show:n in Fig. 5-53. Notice that only the 9.97 GHz corhponent is visible in the 1.5 GHz
k"span, which indicates uniform’ harmonic modelocking (881 This figure also shows that
_pulse-to-pulse fluctuations, which should appear as noise components at harmonics of the
fundamental frequency (9.09 MHz), were not observed. The laser remained stable over
long periods of time. While the Wavelength tended to drift, the pulse and spectral shape

remained constant.
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. Fig. 5-53: Rf spectrum at 9.97 GHz on a 1.5 GHz span. The vertical scale is 10 dB/div
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6 Concldsion

6.1 Summary of Results

- This thesis presented the study of two stretched additive pulse modelocked EDF
lasers, as well as an actively modelocked fiber laser. It also presented the development
~and test of an interferometric autocorrelator. The following are highlights of the

achievements of this thesis with details to follow.

1. Various modes of pulsed operation were verified for both types of
passively modelocked fiber laser investigated. Possible bound solitons,
bunches of solitons and noise-like pulses were observed. The bound and
buﬁched solitons were found to have discrete fixed soliton separation. The

noise-like pulses were stable and found to have broad spectra.

. 2; A wavelength tunable, actively modelocked fiber laser that produced
‘nea‘rly transform limited pulses of ps duration was designed and
implemented. Dispersion tuning of the center wavelength was successfully
- demonstrated under harmonic modelocking operation with an extinction of

great_er than 29 dB observed in the RF spectrum (Fig. 5-53).

3. An interferometric autocorrelator was designed and implemented. It was
~used to characterize the nature, duration, and chirp of the pulses emitted

by the passively and actively modelocked lasers mentioned above.

With regards to the autocorrelator, various considerations for design and
implementation were discussed. A silicon APD was characterized in order to determine
its suitability for use as a two-photon absorber. From the characterization experiment it
was found that the APD response was dominated by linear absorption and, as such, it was
unsuitable as a two-photon absorber. A BBO second harmonic nonlinear crystal was

subsequently tested and found to be more suitable.

The autocorrelator was used to measure pulses from the actively modelocked
laser discussed in Chapter 5, and it was found to produce results that were in reasonable

agreement with simulations, and with results measured by a sampling oscilloscope (see
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Section 4.4.3). Furthermore, the autocorrelator could also be used in conjunction with

filters to qualitatively investigate the chirp of a pulse.

For the passively modelocked fiber lasers, two cavity configurations were
investigated; the stretched pulse ring cavity and a figure eight NOLM cavity. The main
modes of pulsed operation were investigated for both cavities and it was found that the

~only stable mode of operation was the noise-like mode.

~ Although several experiments were performed, a short pulse mode of operation
was not obtained for either of the passively modelocked fiber laser cavities. Long cavities
“with little or no dispersion management” reportedly have a tendency to operate in the
noise-like regime 7. Hence in each experiment the cavities were kept relatively short
and a concerted effort was made to balance the dispersion. Unfortunately, since the
dispersion of the EDF was not known, it was difficult to conclude that the dispersion
balance criterion was met. This, coupled with the fact that the birefringence of the EDF
was unknown, made the design of the laser cavity extremely challenging. Another
obstacle was the alignment of the fiber axes. There is no published work that outlines
how to experimentally align these lasers, but there are several theoretical studies that
~indicate the importance of the alignment of the fiber axes and the input state of

polarization 71M74M80]

For the actively modelocked laser, a dispersion-tuned harmonically modelocked
cavity was selected. Multi-wavelength tunability was observed for varying modulation
frequency. However, single-wavelength tunability was only observed after employing a
tunable filter in the cavity. This could be attributed to the fact that the dispersion in the -

1871 suggest that in order to obtain single wavelength

cavity was excessive. Li and Chan
tunability at higher repetition rates, the cavity dispersion should be reduced. The laser
was found to produce stable picosecond pulses in both the single and multiple-

wavelength regimes.

- Wavelength tunable pulsed sources can find applications in areas such as remote
sensing, (with separate absorption measurements on two closely spaced wavelengths), or

for the characterization of optical components in WDM systems.
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‘ Although it was hoped that a short pulse mode of operation would be obtained
from the passively modelocked fiber lasers, the noise-like mode is not. without its
advantages. The spectrum and pulse train in this mode of operation were extremely stable
over time. Adjusting the parameters of the cavity allowed control over some properties of
noise-like pulses, such as average power and pulse duration. Lasers of this type could
have applications in areas where low-coherence sources with board spectra are needed.

Noise-like pulses have actually been used for interrogating an array of fiber gratings 1831

6.2 Future Research

The work discussed in this thesis is an essential stepping-stone in developing a
modelocked femtosecond fiber ring laser system. However, there are many other
experiments that need to be performed before a femtosecond source can be realized. This

section discusses some suggestions for future work.

. 1. Before a stretched pulse modelocked fiber laser can be realized, the fiber
~ birefringence and the dispersion of the EDF should be known. As discussed in
| Chapter 5, these parameters are essential in designing the laser cavity. There are
experimental procedures for measuring these parameters, but they are not trivial.
Sahsah er al. ® and Dhliwayo et al. ®® outline two different procedures for

(911

measuring the birefringence. While Tiihonen outlines a procedure for

measuring the GVD of EDF.

2. Another important factor in obtaining short pulses is the alignment of the fiber
| axes, as discussed in Chapter 5. An experimental procedure for doing this might
enable a step-by-step approach to obtaining modelocked operation. This would be
an important contribution to the field of modelocked fiber lasers, as it would

complement the theory that has been published previously in the literature.
| 3. It would be interesting to source and test a semiconductor saturable absorber, to
| investigate if reliable modelocking could be simplified in that case. The insertion
‘of a semiconductor saturable absorber in the linear loop of the figure-8 laser,
discussed in Chapter 3 and 5, should help in initiating self-starting to obtain

modelocked operation (821
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’ 4 The outp‘ut chirp must be characterized and then externally compensated.
~Preliminary work towards this goal was briefly dichsséd in Chapters 4 and 5.
‘,‘ When this | task is cdmpleted, other optimizations such as external pulse
compression and amplifications can be investigated. Chirped pulse amplification
is a simple and effective means of ‘amp]ify’ing the output of a laser.

5. Once the dispersion of the fibers is known with certainty, the dispersion

. characteristics of the laser could be investigated further. For example, the effect of

total dispersion (both net negative and positive) on pulse width and spectral width

could be investigated

Many additions to this list are possible, as fiber lasers are emerging as a practical
alternative to bulk solid state lasers. The research that is presently being performed in this
area is extensive, covering areas from nonlinearity management ®” to supercontiuum

generation "1, It is envisioned that in the near future, the performance of fiber lasers will
surpass bulk solid-state lasers in many respects, as the research in this area continues to

| expand.

2.
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Appendix A

A.1. Three level lasing model

As discussed in section 2.1, the generation of light in an EDF can be described
‘using a three level lasing model. Fig. A.1 shows a simplified energy level diagram for

such a model. This sections covers the mathematical analysis of this model.

Energy
A
| R A
! 4 2 Fastnorradiative decay
B2 Metastable orexcited state
IX_____ c

g 3
H g o
Py 518
E Ry; E. E

l W [ Anroy

1550 nm -

Fig. A-0-1: Simplified energy-level diagram of various transition processes of Er* ions in silica glass
[34]

Mathematically, the total number of erbium ions Nr (ions/cm®) will be distributed

in an amount N; in each energy level E; and can be represented by the following rate-

equations[35]:

oN 1 :

——L =—(R;; +W,)N, + (w,, +—)N, . (A.L1)
ot : 21

1 N. : L

o, =w,N, — (@, +—)N, +—" L (AL2)
ot (23 T e

aN, N = o .

—2=R,N,—— . : (A.13
ot B Ty S ‘ ( )

Wheré“:g
=119 -
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" Ryz=rate at which the ions are pumped from E; to E;.
;3 & ;= stimulated absorption emission rates, respectively
" 1/ty; = rate of spontaneous emission from E; to E)

1/73; = rate at which the ions decay from Ej to E;

Ry=—-1, g A.1.4)
13 hvp P : o o ( : )
W,y = —=1, o (ALy)
o, L L :
o ‘ |
W, =—-1 | (A.1.6)
v,

‘ _ . . 2 ‘
0, = absorption cross-section (cm®) at the pump wavelength

o, = absorption cross-section (cm?) at the signal wavelength

o, = emission cross-section (cm?) at the signal wavelength

I, = signal intensity (W/cm?)
I, = pump intensity (W/cmz)
hv, =energy (J) in a single signal photon

hv, =energy (J) in a single pump photon

If the '1/73; rate is large relative to the other transition rates, there will be a low

- density of ions in the Nz level. In that case, the steady state solutions for N; and N, can be
obtained analytically. The number of ions in these states is critical, as their relative

difference influences the expected level of absorption or amplification of 1550 nm light.

1
‘ Wy +— | ‘
N, =Ny 2! 0 o (A.L7)
721
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‘N, =Ny — o S (AL8)

" A.2. Characteristics of light pulses

Light propagates in the form of waves. In free space, light waves travel with a
speed ¢. In a medium with refractive index n, light waves travel with a reduced phase
velocity of ¢/n. Consider the monochromatic plane wave whose complex representation

of the electric field is given by (**!:

(ia)ot)
E(t)= Re(EOe ) ‘ ‘ (A2.1)
~ The time representation of the field is a cosine function that extends over all time.
An optical pulse is a wave of finite duration; a mathematical representation of a light
pulse can be constructed by multiplying (A.2.1) by an envelope function. Multiplying by
a Gaussian function forms a Gaussian pulse, represented by:
2, .
(=@/75)° + 1a)0t) :
E(t) =Re(Eje ) | (A22)
- where 1 is the shape factor of the Gaussian envelope and is related to the pulse duration

(FWHM) T, by the following relation:

G=7p /A/2In2 o ‘ (A.2.3)

The pulse duration or pulse width is defined as the full width at half maximum
(FWHM) of the intenéity profile and the spectral width Ad),, as the FWHM of the spectral
intensity. The temporal and spectral characteristics of the field are related to each other
through Fourier transforms; hence the spectral width or bandwidth and pulse width

cannot vary independently of each other, There is a minimum duration-bandwidth

product f641,
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Aw,t,22mc, ! (A2.4)

- 'Cp is a numerical constant that varies depending on the pulse shape. For a
Gaussian pulse, Cp is 0.441. The equality holds for pulses without frequency modulation
(unchirped), which are called “bandwidth limited”, or “Fourier or transform limited”
pulses. Such pulses exhibit the shortest possible duration at a given spectral width. If
there is a frequency variation across the pulse, its spectrum will contain additional
spectral components and the simple equality given in (A.2.4) cannot be used. Rather a

‘modified version of (A.2.4) that takes chirp into account must be used. Refer to [64] for

more details.

A.3. Polarization of light

Many effects in optics depend on the management or manipulation of the
polarization of light. For an x-polarized wave propagating along the z-direction, the

electric field is confined along the x-coordinate. The electric field can be written in the

form:
E=xE,cos(ax —kz+6) (A3.1)

where  is the angular frequency, 0 is the phase shift and k is the propagation constant.

| In a dielectric medium, k is given by:

k=—— | ‘ ‘ (A.3.2)

Now consider the superposition of two plane waves of equal amplitude, one polarized in

- the deirection and the other in the y-direction, with a phase difference of /2 between

them.

E =E, ;ccos(a)t —kz) ‘ ‘ (A3.3)

E,=E,yeos(wt—kz~z/2) (A34)

: The resultant electric field would be:
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E=Ejxcos@ —k)+ysinwt~ke)  (A33)

wh{'ch describes a right circularly polarized (RCP) wave (Fig. A.2) -

.

crm—r=Tr e deem

Fig. A-2: The superposition of two plane waves producing a circularly polarized wave. The blue
represents equation A.3.3, the green represents equation A.3.4 and the red represents equation A.3.5.

In general, the superposition of two waves with:

E=E, ;ccos(a)t —kz) and E=E, ;cos(a)t"-— kz - @) (A.3.6)

will represent an ell_iptically polarized wave. Fig. A.3 shows two different elliptically

polarized waves. Fig.A-3(a) represents a left elliptically polarized and Fig.A-3(b)

represents a right elliptically polarized wave.

X x

y / ; y
/

(a) (b)
Fig. A-3: Two different elliptical states of polarization represented by equatlon (2 4.6) with (a) E, =
1/2E0 and ¢ = -1/2, and (b) E, = E; and ¢ = /3 [37]. :
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A.4. Sagnac interferometer

| - A fiber Sagnac interferometer consists of a 2X2 coupler with two output ports
connected by a length of optical fiber. Such a setup is shown in Fig. A.4. There are two
main types of Sagnac interferometer; namely the nonlinear-optical loop mirror (NOLM)
and the nonlinear-amplifying loop mirror (NALM). This section discusses the operation

of these interferometers.

: /loop L
input _, Ao
X:
. outpuL__/
e

coupler

Fig. A-4: A fiber Sagnac interferometer, Ay=input amplitude, A= amplitude of forward
propagating field, A= amplitude of backwards propagating field.

An input field is split into two counterpropagating fields at the coupler. If the
coupler splitting ratio is x:1-x, then a fraction, x ,of the input power Py travels through the
fiber loop in the clockwise direction, and the remaining fraction, 1-x, propagates in the

counterclockwise direction through the loop.

To analyze the light propagation in the loop, the amplitude of the optical field is
used instead of power. The amplitude is related to power via. 4 =\ﬁ’0— . The powers of
the forward and backward propagating fields are P, =xF and F,=(1-x)FK

respectively. The corresponding field amplitudes are given by [60]:

A =[P = [xR, =xA, (A4

A, =J-B, =\-(1-x)B, =iv1-x4, K42

~Note that the backwards propagating field experiences a /2 phase shift at the coupler

when it crosses into the sagnac loop.
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The output of the interferometer is in the form of a reflected and transmitted field.

The reflected field exits via the input port that delivered the initial input power while the

transmitted field exits via the other input port. The amplitude of these fields can be easily
calculated if nonlinear effects are ignored and the splitting ratio of the coupler remains

constant. The amplitude of the reflected field is given by:

A, =xA, +iN1-xA,

(A4.3)
A, =2i\x(1-x)A,
* and the amplitude of the transmitted field is given by:
=xA, +iVI- |
A =Vxh; +idi-xa, L (A43)

A =(2x-1)A,

Notice that the transmitted field retains the same phase as the input field, while the |

‘refleéted beam is out of phase by /2. These equations govern the linear behavior of the
Sagnac interferometer. In réality, nonlinear effects, namely self phase modulation (SPM)
and cross phase modulation (XPM) must be taken into consideration in the analysis. The
forward and backward-propagating fields reaching the coupler at the end of the fiber loop

become:
A, = A, expligy +iy( A, +2|4,[)L]

4, = A explig, +iv(A, [ +2|A [ L]

where L is the length of the fiber loop, ¢p is the linear phase shift due to due to

(A44)

dlspex sion, given by

- $=pBL= 2L | | | (A.4.5)
- |

and 7( 4, +2|4,[")is the nonlinear phase shift due to XPM and SPM. The magnitude of
the XPM-induced phase shift is tWice that of the SPM-induced phase shift. |

_27n,

(A4.6)
AA,
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~where ny is the nonlinear index coefficient, L is the effective propagation distance, A is
the Wavelength of the light,  is the angular frequency, n is the linear refractive index, c

~ is the speed of light and A.r is the effective fiber core area.

The reflected and transmitted fields exiting the loop are:

A =xA +i1-xA,

(A.4.7})‘ '

A =xA;, +iV1-x4
and the transmittivity can be defined as:
,
T = |A" ' Py P Y
Al (A48

T = 1-2x(1- x){1+cos[(L- 2x)y| A, L1}
- Ifx=0.5, the trahsmittivity is zero and the Sagnac interferometer acts as a perfect mirror, |
reflecting 100% of the input radiation. For x#0.5, the‘tr‘ansmittivity becomes a function

of the input power and reaches 100% whenever the following relation is satisfied:

(1-2x)7]A|" L=@m -z  (a49)
where m is an integer.
A ‘Sagnac interferometer that operates in this fashion by taking advantage of fiber
nonlinearity is called a nonlinear-optical loop mirror (NOLM). If an amplifier is placed

inside the NOLM, for inétance, near one end of the loop. as shown in Fig.A-5 and a

0.5:0.5 coupler is used, this modified NOLM is called a nonlinear-amplifying loop mirror

(NALM). The asymmetric positioning of the amplifier leads to a different phase shift for -

the forward-propagating pulse than for the backward-propagating pulse. The basic
operating principles are the same as the NOLM but the analysis changes slightly.

Amplifier loopL
. A & /
Input _ A30 © 50:50
f
output f Ay
coupler
- 1265
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Fig. A-5: Basic parts of a NALM. A, is the input signal, A is the forward propagating signal and A,
is the backwards-propagating signal. The coupler is a 50:50 coupler.

If it is assumed that the forward propagating wave is amplified by a factor G, then

Ay has be to be multiplied by JG . Therefore equation (A.2.4) becomes:

A'f = \/Z;_Af explig, + i}’(l‘[EAflz + ZIABIZ)L] (A‘ 4.10)

A = A expligy +iv(|A,[ + 2|J5A,[")L]
and the transmittivity is now given by:
T =1-2x(1-x){1+cos(l- x~ Gx)y|4|" L : (A

The condition for complete transmission is obtained by replacing (1-2x) with (/-x-Gx) in
equation (A.4.9). For x = 0.5 and m = I and noting that |A0|2 = Ry, complete transmission
is obtained when:

27

P=——— (A4.12)
° T (G-DyL]

A.5. Dispersion calculations

As discussed in section 2.3, dispersion in a medium results in temporal
broadening of a pulse that propagates through the medium. We also saw, in section 3.1,

~ that dispersion balance is essential in the operation of a stretched pulsed laser, hence it is
important to calculate the dispersion for each length of fiber used in the laser cavity. This

section discusses a few methods for calculating fiber dispersion.

The dispersion coefficient for SMF28 fiber is commonly given on the datasheet in
terms of wavelength as Dy = 17 ps/nm-km. It is however convenient to express this in

terms of frequency, using the following relationship[34][39]:

2
4D [ps®/ km] (A5.1)
27C,

D =

v

where Ay is the Wavelength and Cp is the speed of light in vacuum. Using this relationship
the dispersion of SMF28 is calculated to be —22 ps¥/km.
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The dispersion for EDF fiber is seldom listed on the datasheet and as such must
be estimated based on the core radius (a), the numerical aperture (NA) and the cutoff
wavelength of the fiber (A). Using these parameters and the following relationship[37],

the dispersion for EDF can be approximated.

—mA| . d*(bV) .
D, =—2=|V — [ ps/(km~nm ' A.5.2)
" 7 [ W J [psi )] (
where D,, is the waveguide dispersion, n; is the index of the cladding, A is the cutoff

anelength, V is the normalized waveguide parameter, given by (27/A)aNA, A is

defined as A= (m = ny)/ ny, ny is the index of the core, and d*(bV)/dV? can be found in
the plot from [37]. Using this relationship, equation (A.5.1) and the parameters given for
the NUFERN EDF555 fiber, the dispersion was estimated to be approximately 12.7
ps¥/km.

- Sometimes the dispersion information is given in terms of the slope of the
dispersion (Sp) at the zero dispersion wavelength (Ag). In this case the dispersion can be

calculated using the following relationship [34]:

. ‘
D, = %{1 —(-%Q-j } - [ ps/(km —nm)] (A5.3)

where A is the wavelength of interest, Ao is the zero dispersion wavelength of the fiber

and Sy is the slope at the zero dispersion wavelength.

A.6. Two-photon absorption (TPA)

If the nonlinear index of refraction (1) given in (2.4.2) is a complex nurhber and
has a non-zero imaginary part, then this leads to an intensity dependent absorption
coefficient. This is called two-photon absorption. This process has been discussed
mathematically in most nonlinear optics and quantum electronics books 72, In this

section a brief and simple explanation is given based on quantum electronics.

If we have a semiconductor material with an energy gap of E,, then a single
photon of energy hv > E,, where h is Planck’s constant and v is the frequency of the

light, is able to generate a single electron-hole pair and therefore we see a linear
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‘ ébsorption in the nﬁaterial (Fig. A-6 (a)). Now s:uppose the energy of the photon is lower
such that hv < Ey > 2. In this case one photon is not able to promote an electron from
the valence band to the conduction band. However, a single electron hole-pair may be
created by the instantaneous absorption of two photons (Fig. 6 (b)) if the photons arrive at a
the same time (and place) on the sample. As illustrated schematically, the absmptidn
| takes place by using the energy from the first photon to take the electron to a virtual state

and almost simultaneously moving it to the final state by means of a second photon.

-2

Photon

; (a) (b)

Fig. A-6: The absorption of photons in a two-level system, (a) linear (single-photon) absorptlon and
(b) two-photon absorptlon

Since tow photons are required, the rate of absorption scales with the square of
~ the photon arrival rate (i.e. the square of the intensity) The two-photon absorption
coefficient (B) gives the change in intensity (I) of a beam as it travels through a medium

. of length (z).

_Lld o (A.6.1)

i
A.7'., Autocorrelation calculations
In an autocorrelator, the output from the two-photon absorption or second‘
harmonic process is given by [62]
S, () =1+2G,(7) +4Re[F (7) exp(—iwoi')] + R‘e[F2 (T)exp(—2iw,7)] (A7.1)
whére T is the delay, Gz(7) is the intensity autocorrelation and is given by:
G,(7) ={ E()*| E(t=7) ), where E(t) is thé_complex amplitude of the signal pulée.

F(7) and F(7) is given by:
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R =5 EOF +| Be-o)F EOE (-n) &2

Fy()=(E*(E™ (1~ 1)
The output from the linear absorption process is given by:
S,(7) =1+ Re[G, (1) exp(—iw,7)] L
L (A7.3)

Gy(z) =(E(E " (t—7)

~ If both linear and nonlinear detection are simultaneously present, the output from

the interferometric autocorrelation is a superposition of S;(7) and Sz(7). G2(7) and F»(7)
are the quantities of interest. It can be shown that the information on the pulse width is

included in G,(7) and the chirp information is contained in Fz(r)[&].
In summary output from the interferometric autocorrelation scan is given by [62]

S(@)=5,(0)+5,(7)
S(z) =1+Re[G (D) exp(—iay7)]+2G,(7) +4Re[(F (D) exp(—iagy )+ Re[ F () exp(—2iey7)] (A.74)
S(7) =1+G;(7) cos(eyr) +2G, (7) +4F (T) cos(ayT) + F(T) cos(2a7)

The derivation details and simplifications of these equations are as follows:

‘The linear or first order autocorrelation is given by[93]

T|E(t)+E(t—r) P dt

S(r)==
R 2[|E@)[* dr
- where ‘
[IE® P dr =1 | | |
therefore : 1/2 172 | (A7.5)

T]E(?A/dt Z]OE(t)E(z—z')dt TlE(t/glzdt
S(7)= +—= + =

]

2/%5(:) Pat 2]0 | E(t) [t | E(2) [Pdt

—~00

S, (t)=1+ T E(t)E(t—7)dt

=00

Similarly the fringe average or intensity autocorrelation is given by:
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[IE*OE> (-2t o et
GO)=Ee————— a16
I OF @ e 5

Or .for the assumption of norma]iZéd fields:

G,(z)= [ | E*0)E*(t—-7) it NN A17)

-0

The normalized second order interferometric autocorrelation is given by:

| T[{E(t)+E(t—2')}2 P d
S, (@) ==— '
2[|E*@) ] dt

S,(r)=1+4 j E3(t)E(t—r)dt+3 j E*()E*(t-7)dt : e (A7.8)

8,(2) =1+4]° E3(t)E(t—T)dt+3Gz(i') |

Note for an unchirped pulse Ga(7) = F(7). For a train of unchirped Gaussian pulséé with
frequency distribution F(Aw) around a center frequency ®y, the first and second order

autocorrelation becomes:

S, (D) =1+ {T E(0E( - r)dt} cos(ay7)
h T | | | (A1.9)
S,(7) =1+2G,(7) {4 j E>(E(t~ r)dt} cos(ayT) + G, (%) cos(2ay7) |

—00

A.8. Calculations for BBO crystal.

~ For the calculations made in this section the following assumptions are hiade, no

pump depletion, negative uniaxial crystal n® <n? and class 3m crystal,
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' ‘;Th_effollowing data was taken from the datasheet for Newlight BBO.
Sellmeier equations: (A in um) :

0.01878
(A% -0.01822)
0.01224
(A% -0.01667)

n? =2.1359+ ~0.0135442 et
- (A8.1)

n? =2.3753+ ~0.015164°

& Using these yields the following indices for A = 1.550 um and A/2 =0.775 um |

ny =1.65
ng” =1.66
ny =1.53 |
n2? =154

(A82)

The nonlinear coefficients are:

dy, =5.8d,(KDP).
d;(KDP)=0.39 pm /v | A T T
d, =2.262pm/v | R (A83)
dy =0.05d, =0.01131pm/v .o
dy, <0.05d,, <0.01131pm/v

- A.8.1 Calculation of crystal length

Assumihg a Gaussian beam and confocal focusing, the crystal length can be

411 since

calculated. It is shown the confocal focusing gives the best conversion efficiency

the interaction length is almost the whole length of the crystal; The maximum convérsion

is obtained when L = 2 Zp, where Zp is the distance in which the beam cross-sectional
| area doubles relative to its value at the waist.

_mneg

4 A.8.4)
0= ( |

For our 'setup‘wb =36 um, n= 1.5,'}» =1.55 um, which leads to L = 7.8 mm.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- A.8.2. Phase matching
| Perfect phase matching réquires the n*” = n® If tﬁe two waves are of different
' types, one extraordinary and the other ordinary, this condition can be satisfied. If
nf‘:" <nf there exists an angle 6, for which nf“’ =ng . Thus, a fundamental beam at ©
lauﬁched along 0y, as an ordinary ray, will generate a second harmonic beam along the

same axis as an extraordinary ray. For a negative uniaxial crystal, the phase matching

‘angle is defined as:

: w2 20 . o :
sin*(6,) =)~ ) - o  (A85)
(1) = (ny") e

For BBO, this angle is calculated to be approximately 20 degrees.

 A.8.3. Efficiency

Assuming a Gaussian beam and perfect phase matching (n” = n*”) with no pump

depletion, the efficiency of the SHG can be calculated for the optimized length of crystal.

L=2Z,;.

P* 2Zwld* P* I sin®(AKL/2)

P’  c*nn! mw?  (AKL/2)?

where: v | o ‘ e (A.8.9)

sin®(AKL/2) _, |
(AKL/2)*

77210 =

- Note: Z= characteristic impedance of free space =377 Q.

o ~ d = deff, the effective nonlinear coefficient which is definéd as the direction of the
wave vector in a direction specified by spherical coordinated (0 and ¢), referenced to the
crystalline axis. |

- Typically for type I BBO crystals, the cut is 6 = 22.8° and ¢ = 0° and deff is

' .defined as:
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“dy = dy, sin@+(d,, cos 3¢ - dy, sin g)cos &
forg=0 ‘
dy; =d, sinf+d, cosd

dy =2.129pmlv

(A.8.10)

Now if birefringence is taken into account, the 0 is réplaced by (0-p), where p is

‘the birefringence walk-off angle which is approximately 3.2° for BBO. The effective

nonlinear coefficient becomes 2.08 pm/v.

Using these parameters and the length calculated above, the efficiency is found to
be 2#10"* P®, The dependence of the crystal efficiency on the phase matching angle,

crystal length and spot size is shown in the figures below.

e |1 :
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Fig. A-7: Crystal efficiency as a function of spot size
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Appendix B

B.1. Code for first and second order autocorrelation.

%%%% Generates a GaU5Q1an pulse %%%3%%%%

clear all
Ca = 1; % unbalance between the two arms
A= 0; % .chirp parameter
JE = 32; % frequency = 32HZ:
Wo. = 2*pi*f; ‘ ‘ :
T_S = 1/(2*2*pi*f); % ‘sampling period
F-S = 1/(T_8); % sampling rate
~t = [-150:T_8: 150], % setting up the time axis
t£0 = 50; % pulse w1dth :
tg = t0/sqgrt(2*log(2)); , N
X = exp(=(1l+i*A)*(t./tg) .~2); ‘ %;chirped pulse
figure(l)
‘plot (t,x);

ylabel ('amplitude')
title('Gaussian function')
xlabel (' Time (sec)')

grid

| %%%% Calculate the signal:' §l{tao) and Gl (tao) which is dﬁe‘to‘linear
absorption (First order autocorrelationGl(tao). = < E(t)E*(t-tao)>
which is just the autocorrelation function xcorrin.matlab. %%%%

xcorr(x,coni(x)); L %% xcorr delays by all tao
Gl./length(x); : SRR " . %% Normalized the y axis,

Gl
‘Gl

n.n

tao=l:length(Gl);
S1. =1+ real(Gl *exp (- j*f*2*p1 *tao *T - S));

teel —(1ength(G1)-l)/2:—1; v : %% Setting up the time axis
ttt2 = 0:length(Gl)/2; : %% so that the the signal
peaks at zero delay ! ‘ ' o

= {tttl, ttt2]*T_S;

figure(2);
plot(tt,Gl);
title('Gl');
grid

" figure(3);
plot(tt,81);
title('81');
grid

%% Calculate F2/(Tao) Whlbh is the second ordex autouoxlealatlon
fuuctmon F%%
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xcorr((x) A2 conj((a *x) ~2) ) %% Reorr delayb by all tdO

‘F2-
F2 /length(x), P IR R normallase the y ay15‘ S

F2

figure(4);
' plot(tt,F2);
title('F2') ;-
~.grid

$%%% calculate Fl(tao), thisvreqUires SOﬁe:manipulation othhe'éqUation

“E3 abs (x.*conj (x)) . *x;

F1 = xcorr(E3,a.*x);
SFl. = Fl./length(x);

figure(5);

plot(tt,Fl};

title('Fl');
‘grid

$3%%% Calculate G2(tao) 3%

xcorr(abs(x) ~2, abs(a *x) A?Y; L %% xcorr delays by all tao

G2 ‘ ;
. G2./length(x); ‘ ' o SRR ] Normallved the y axis.

G2

non

figure(6);
plot(tt,G2) ;-
title('G2');
grid

$8%% Calculate S2(tao) %%%% =~
tao = 1:length(G2);

. S2 = 1+ 2.*G2+ 4.*real (F1, *exp( *f*z*pi.?tao{*T_S))+ reél(FZ.*eXp(—
' *f*4*p1 *tao.*T_S)); o s o

\ f1gure(7);
plot(tt,S82);

title('s2');
~ylim([0.8,1.8])
grid

| B.2. Code for-dispersion and chirp "

% Tempoxal bloadenlnq of a. Gau531an pulse u51ng equatlon from Ghatak
% ch.15 and 6

% Using the values given in Ghatak, the temporal variation of the
% Electric. fleld of an optlcal pulse 1s calculated f01 varying valucs
% of Z.

%%%k%%%%%%L%%%%%%%%%%%%H%%%%%%%%%%%%%%%%%%%%%%%%%%%3
%% constants %% :
'r%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%“%%%%%%%%%%%%%%%%
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‘ Ebjétl;

‘ L ‘ %fAmplltude

lamdao = 0.85e-6; % .center wavelenght[m]

wo =0.217;" ' ;‘%‘centel frequency . [rads/fs]
;. ko ="1.11e7; ‘% propagation constant
Cvg = 2.04e-7;: “%ogroup velocity[m/£s]

To. = 50; % initial pulse width in [is]

alpha = 3.26e5; % units [£s°2/m] e R

7 =0 ; Sl % pxopagaLlon dlsLance [m];'This,is varied from i
e %0 toL e L e
t = [-800:5: 1000} ; %'tlme‘ :

%%%%%b%%%%%%%%%%%?%%%%%%%%b%%%%%%%%?%%%%%%%%%%%%%%%%%%%%%%%%

% Bquatlons %%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

,51gma = (Z*alpha*Z)/To“Z, % un;tless
ko= s1gma/((1+51gmaA2)*To“2); © % units [£8°-=2)"
‘ tzg; sqrt (To*2* (1l+sigma~2}); % units [fs]

phizt = (wo.*t)f(k.*(t—z/vg) A2)—(1/2*atan(s1gma)),

Ezt =‘(EQ/(l+sigma“2)“(1/4}).*exp(—((trZ/vg). )./tz“2).*exp(i;*(phizté‘
ko*Z)); ; ‘ RPN ' :

Y = real (Ezt);
tl: = t./To;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%plot%
"%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

plot(tl,Y),
- -grid on;
Cylim([-1,11);

B.3. Dispersion compensation

% Dispersion compensation of a gaussian pulse S S
After propagating through a section fo fiber, the input;pulse'becomes
broadened and chirped. If this‘chirped pulse is then propagated' ‘

g

% .through a sectlon of fiber of length L’  and dlsper51on a"then the
% output pulse can be recompressed. :

% in this simulation the-L’ 1s varied for dltferent length os smf28 to
'% see the effects. : :

lamda0 =1550; . % wavelenght [nm} .

D = 1.27e4;: % Dlsper51on Coeff1c1ent of NEFERN EDF ‘
; R T © % [fs*2/m]

-Dprime = ~2.2e4;. I*%,Dlaper51on coeff1c16nt of reg. flber

, ‘ & [fs*2/m] : :
L =1; - % lenght of smf28 [m)
Lprime = 0; % Lenght of EDF [m]

R0 = -1;
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 £2[-1000:9.5: 1000], R AT Y
.To = 100; R . % pulse with in fs . ;
owo = 1.22; o 1% frequencyfjrads/fs]_;'ﬁ

n‘u-

(E0*(s qrt(To“Z/(ToA2+2*1*(D*L+Dpr1me*Lpr1me))))) *exp(l *wo *t) *exp(-
ft A2 /(To“2+2*1*(D*L+Dpr1me*Lpr1me))),' . . ‘ :

“%Y ;'real(E)r

-139-

Reproduced with bermission of the copyright owner. Further reproduction prohibited withdut permission.




