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Soliton and chaotic operation states of a
passive mode-locked Er-doped fiber laser.
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Abstract

In the thesis, we use the polarization additive pulse mode-locking
(P-APM) technique to mode-lock the laser. The laser cavity constitutes
4m Er-doped fiber and 6m SMF-28, with the pulse repetition rate of
20MHz. By adjusting the polarization controllers and the 980 nm LD
pump power inside optical cavity, we can let laser operate under two very
different operation states - soliton and chaotic pulse states. The optical
spectrum under the chaotic state is smooth and the 3dB bandwidth is
12nm. In contrast, the optical spectrum under the soliton state has the
symmetric Kelly sidebands and the 3dB bandwidth is 10nm. The output
pulse-width is 300fs for both cases, but we can observe chaotic-like pulse
amplitude variation under the chaotic state by using an oscilloscope.
When the chaotic pulse train propagates through a section of SMF-28, we
can observe a narrow center coherent spike in the auto-correlation trace,
which width is almost not affected by the dispersion. We also compare
the difference of propagation for the soliton case without and with Kelly
sidebands. A band-pass filter can be used to filter out the Kelly sidebands.
The result is that the soliton pulse without Kelly sidebands has shown

obvious four-wave mixing effects after propagating through the
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dispersion-shifted fiber. In contrast, for the chaotic operation state, we
can just use 24mW of the average power to produce a 120 nm relatively
flat optical spectrum after propagating through the dispersion-shifted
fiber. Finally we compare the pulse compression possibility of the two
operation states. The shortest compressed pulse we can achieve is 223 fs
for the soliton case. In comparison, the chaotic pulse cannot be

compressed well.
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Chapter 1
Introduction

1-1 Laser dynamics of mode-locked
fiber lasers

The word “mode-locking” describes the locking of multiple axial
modes in a laser cavity. By enforcing coherence between the phases of
different modes, a periodic pulse train can be produced. Mode-locking
can also be conceived in the time domain. By applying optical
modulation synchronous with the roundtrip time of the lights circulating
in the laser, optical pulses is initiated and can be made shorter on every
pass through the laser resonator. The pulse shortening process continues
until the pulse becomes short enough and its spectrum becomes so wide
that additional pulse broadening mechanisms or spectrum narrowing
processes spring into action to stop the pulse shortening. The finite
bandwidth of the gain medium is one of the fundamental causes that will
eventually limit the pulse width that can be achieved [2.10].

Mode-locked lasers can be roughly classified into two categories:

passive and active. Passive mode-locking of fiber lasers to generate



sub-picosecond pulses has been achieved using three main methods:
nonlinear amplifying loop mirror [1.1-1.3], nonlinear polarization rotation
(also called polarization additive pulse mode-locking or Kerr
mode-locking) [1.4-1.6], and saturable absorbers [1.7-1.9]. In contrast,
active mode-locked fiber lasers are important candidates for light sources
in optical communication systems because high-quality pulse trains near
1550 nm can be generated and locked to a master clock at high rates (> 1
GHz) with low timing jitter. Active mode-locking is generally achieved
by using a high-speed intra-cavity electro-optic modulator. The cavity
length foe both passive and active fiber mode-locked lasers is usually
= 1m due to the limited doping concentrations of Er” in silica fiber such
that the gain fiber length cannot be too short.

Mode-locked fiber lasers have a number of potential applications,
depending on the wavelength and pulse width. They could be used as
sources in communications systems for time-division multiplexing (TDM)
[1.10,1.11] or wavelength-division multiplexing (WDM) [1.12-1.14], as
spectroscopic tools in the laboratory for time-resolved studies of fast
nonlinear phenomena in semiconductors, or as seeds for solid-state

amplifiers such as Nd:glass [1.15], color center [1.16], alexandrite [1.17],



or Ti: sapphire. Short optical pulses also have potential use in
electro-optic sampling systems, as a source for pulsed sensors, or as
tunable seed pulses for lasers in medical applications. Applications such
as optical coherence tomography can take advantage of the broad
bandwidth of a mode-locked fiber laser as well as the temporal ultra-short
pulse width.
1-2 Motivation of the research

Passively mode-locked erbium-doped fiber lasers (EDFL’s) [1.18] are
compact, stable, energy-efficient, and capable of generating femtosecond
optical pulses with broad spectra. A wide range of potential applications
require optical sources with broad spectra, and not necessarily with
ultrashort pulse duration. For example, optical sources for coherence
tomography and for gyroscopes should produce high-energy pulses with
short coherence lengths.

In previous works [1.19-1.21] it was demonstrated that noiselike
pulse generation in lasers can be used to obtain sources with a broad
spectrum. The autocorrelation trace of the pulse intensity contains a
narrow peak, which is not strongly broadened by dispersion effects [1.19].

A theoretical model indicated that the noiselike mode of operation may



be due to the existence of birefringent fibers inside the laser cavity [1.22].

The noiselike mode may have the following advantages over
conventional coherent pulse mode: (1) its spectrum is smoother and
broader; (2) its output exhibits a narrow peak of a few hundred
femtosecond width in the autocorrelation trace of the pulse intensity even
after propagating through long dispersive media; and (3) its average
powers can be higher compared with conventional mode-locking.

In our passive mode-locked fiber laser system, we find two different
operation states by simply tuning the polarization controllers. The first
one is the common soliton operation state. The second is the chaotic-like
(or noise-like) operation state with a broad and smooth optical spectrum.
In order to distinguish the different laser properties for the two operation
states, we experimentally investigate the resulting differences when the
outputs of the two states are utilized for super-continuum generation,
linear/nonlinear optical fiber propagation, as well as pulse compression.
1-3 Organization of the thesis

This thesis contains four chapters. Chapter 1 gives an overview of the
passive and active mode-locking mechanisms and the motivation for the

present research. In Chapter 2.1, we introduce three nonlinear effects in



optical fibers, including the self-phase-modulation, four-wave-mixing,
and super-continuum generation. Chapter 2.2 presents the Polarization
Additive Pulse Mode-locking (PAPM) mechanism, which is the main
mode-locking mechanism in our fiber laser. We then derive the master
equation model in Chapter 2.3. Chapter 2.4 introduces the soliton theory
and Chapter 2.5 reviews the simulation of chaotic mode-locked pulses.

In Chapter 3, we demonstrate that we can obtain two different
mode-locking states by tuning the polarization controllers and the
pumping current. Then we show the experiment results and analyses by
using the laser outputs from the two different mode-locking states
respectively. Finally we summarize the achievements and give the

possible future works in Chapter 4.
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Chapter 2
Principle of passive mode-locked
fiber laser

2-1 Nonlinear effects of optical fibers

2-1-1 Self-phase modulation

An interesting manifestation of the intensity dependence of the
refractive index in nonlinear optical media occurs through the self-phase
modulation (SPM) effect, a phenomenon that can lead to the spectral
broadening of the optical pulses. The SPM effect was first observed in
1967 in the context of transient self-focusing of optical pulses
propagating in a CS,-filled cell [2.1]. By 1970, SPM had been observed
in solids and glasses by using picosecond pulses. The earliest observation
of SPM in optical fibers was made with a fiber with the core filled with
CS, [2.2]. This work led to a systematic study of SPM in a silica-core

fiber [2.3]. The intensity-dependent nonlinear phase shift (¥x) can be

described by
? 412
P = i”zLE
& (2.1.1)

where L is the fiber length and 2 is the squared magnitude of the
10



electrical field at the working wavelength.

The SPM-induced chirp affects the pulse shape through GVD as shown
in Fig. 2.1 and Fig. 2.2. In the anomalous-dispersion regime of an optical
fiber, the two phenomena can cooperate in such a way that the pulse
propagates as an optical soliton. Similarly, in the anomalous-dispersion
regime, the combined effects of GVD and SPM can be used for pulse
compression. Generally the GVD broadens the pulses in the time domain
with the production of pulse chirps if the original pulses are chirpless.
SPM can enhance or cancel the chirps to further broadening or shortening
the pulses, depending on the signs of the pulse chirps. In this way SPM is
responsible for the spectral broadening of ultrashort pulses and for the

formation of optical solitons in the anomalous-dispersion regime.
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Fig. 2.1 Evolution of pulse shapes (upper plot) and optical spectra (lower plot) for an
initially unchirped Gaussian pulse propagating in the normal-dispersion fiber [2.18].
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Fig. 2.2 Evolution of pulse shapes (upper plot) and optical spectra (lower plot) for an

initially unchirped Gaussian pulse propagating in the anomalous-dispersion fiber [2.18]
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2-1-2 Four-wave mixing

Four-wave mixing is a nonlinear phenomenon that can be described as
follows. When several optical signals at different frequencies propagate
along the fiber, the total electrical field is equal to the vectorial addition
of each individual field. The resulting optical field will have new
frequency components as a result of the cross products terms generated
through the third order nonlinearity.

The FWM effect in optical fibers has been studied extensively because
it can be quite efficient for generating new frequency lights. For example
if three optical frequencies (®;, ®; and ®3) interact in a nonlinear medium,
they will give rise to a fourth frequency (w4).

M4 =O11T0-03 (2.1.2)
Its main features can be understood by considering the third-order

polarization given as

Pxi=5,7" 'EEE oL

where E is the electric field, Py is the induced nonlinear polarization that
can excites new lights, and g is the vacuum permittivity.
Consider four optical waves oscillating at frequencies ®;, ®,, ®3, 4

and linearly polarized along the same axis x. The total electric field can
13



be written as

4
xY E expli(k;z—w,t)]+cc.

1
2 J=1 (2.1.4)

where the propagation constant k= njw/c, n; 1s the refractive index, and
all four waves are assumed to be propagating in the same direction. If we
substitute Eq. (2.1.4) in Eq. (2.1.3) and express Py in the same form:

[ :
PNL:;A*ZP} expli(k,z—w;t)]+cc.
" el (2.1.5)

we find that P; (j =1 to 4) consists of a large number of product terms

involving the three electric fields. For example, P, can be expressed as

%E 7 i ¥,
P GJ’frur| E AE 2 El S |Ey| 7+ E3 _}EJ,

+ 2E,E,E exp(i0, ) + 2E,E,E3 exp(i6_) +

(2.1.6)

where 0. and 0. are defined as
+ = (kitkotks-ks)z-(@1+0r+m3-m4)t (2.1.7)
0. = (k]+k2-k3-k4)Z-(0)1+0)2-0)3-0)4)t (218)

In Eq. (2.1.6) the first four terms containing E4 are responsible for the
SPM and XPM effects. The remaining terms give rise to the FWM effect.
How many of these are effective in producing a parametric coupling

depends on the phase mismatch between E4 and P4, which is governed by

14



0., 6., etc.

Through the FWM effect, a strong pump wave at ®;=w, creates two
sidebands located symmetrically at frequencies w; and w4 with a
frequency shift:

Q=0,—0;=0

4 )

! (2.1.9)

where we assumed for definiteness 3 <w,. The low-frequency sideband
at w3 and the high-frequency sideband at w4 are referred to as the Stokes
and anti-Stokes bands. If the incident pump wave is strong enough and
the phase-matching condition 1s satisfied, the Stokes and anti-Stokes

waves at the frequencies w; and w4 can be generated from noises.

2-1-3 Super-continuum generation

The super-continuum generation is a nonlinear phenomenon that can
be described as follows. When the ultrashort optical pulses propagate
through an optical fiber, the FWM process is accompanied by a multitude
of other nonlinear effects, such as SPM, XPM, and SRS (Stimulated
Raman Scattering), together with the linear effects of dispersion. All of
these nonlinear processes are capable of generating new frequencies

within the pulse spectrum. It turns out that, for sufficiently intense pulses,

15



the pulse spectrum can become so broad that it extends over a very wide
frequency range. This broadening is referred to as super-continuum
generation and was initially studied in solid and gaseous nonlinear media
[2.4].

The linear group velocity dispersion also plays an important role in the
formation of super-continuum lights in optical fibers. In general, because
of the large spectral bandwidth associated with a super-continuum, [3,
cannot be treated as constant and its wavelength dependence should be
considered. Numerical simulations show that the uniformity or flatness of
the super-continuum can be improved considerably if B, increases along
the fiber length such that the optical pulse experiences anomalous GVD

initially and normal GVD after some fiber length [2.5].
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2-2 Polarization Additive Pulse
Mode-locking (P-APM) mechanism

Additive pulse mode-locking (APM) has been employed successfully
for short-pulse production in several solid-state lasers. This
pulse-shortening mechanism produces mode-locking effects similar to
fast saturable-absorber mode-locking. One advantage of APM is that it is
extremely fast because the effect is based on the self-phase modulation
(SPM) from the Kerr effect in glass. Thus the APM mechanism should
not impose a limit on the achievable shortest pulses. The APM techniques
have been extensively studied both experimentally and theoretically in
several solid-state lasers [2.6-2.8].

Fig. 2.3 shows how the nonlinear polarization rotation effect can be
used in conjunction with bulk polarization optics to obtain P-APM as an
artificial fast saturable absorber [2.9] for mode-locking the laser. An
initial pulse is linearly polarized and then made elliptically polarized with
a quarter-wave plate. The light then passes through an optical fiber where
the ellipse rotation occurs and the peak of the pulse rotates more than the
pulse wings due to the nonlinear effects. At the output of the fiber, the

half-wave plate is oriented in such a way that the peak of the pulse passes

17



through the polarizer while the wings of the pulse are extinguished. In
this way the pulse shorting is achieved. This mechanism is the
polarization additive pulse mode-locking (P-APM) scheme mentioned

above and is a common technique used in many passive mode-locked

0 L] DD

Polarizer 5-Plt Eipmta Polarizer

fiber lasers.

— F/f >

Fig. 2.3 Mechanism of P-APM [2.10]
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2-3 Master equation model

We refer to the paper by H.A. Haus [2.10] for the detailed derivation of
the master equation model for mode-locked lasers. Equation (2.3.1)
shows the optical field amplitude change of the n-th mode in each
roundtrip pass. When the n-th mode passes through the gain medium and
the linear loss of the whole cavity, its amplitude will change a little
amount. Moreover, if the laser is mode-locked by an amplitude modulator,
the modulator also contributes to the change of the n-th mode per round

trip time as shown below.

AAH - J 5 g An-
(nAQ ) ‘
1+
QQ

1
+ > M(A—1 =24, + Apy1)

(2.3.1)
AQ = 2n/ Tr=Qnm (2.3.2)
Here A, is the amplitude of the n-th mode, Ty is the cavity round trip time,
g 1s the peak gain, n/AQ is the n-th mode, €, is the gain bandwidth, M is
the modulation, and g/(1+( nAQ/Qg)z) is the gain profile seen by
different longitudinal modes.

The following two equations show how the modulator makes the

(n-1)-th and (n+1)-th modes contribute to the n-th mode after modulation.
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JE&rl+1 COS([&)O ¥ Qu]t) MCOS(QMt) L MATL+1 Cos[wo+zﬂgx;]t+cos(motj

Physically, a sinusoidal modulation of the central mode at the frequency
Qv = AQ produces sidebands at my £ /A\Q. They can injection-lock the
adjacent modes, which in turn lock their neighbors.

Fig. 2.4 shows the gain profile and linear loss, denoting that several
axial modes will be lasing if the gain level is above threshold.

unsaturated gain
modelocked gain
free running gain

[
= o

Fig. 2.4 The gain distribution of different modes with linear loss [2.10]

There are three approximations that can be used to transform the above
equation into a simpler form.
(1) The frequency dependent gain can be expanded to second order in
n/\Q.
(2) The discrete frequency spectrum with Fourier components at n/\Q is
replaced by a continuum spectrum, a function of Q = A Q.
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(3) The sum (Ap+1-2A +AL)/ AQ? can be replaced by a second
derivative with respect to frequency if the spectrum is very dense.
After these approximations, we can get the differential equation (2.3.3)
describing mode-locking in terms of amplitude change per round trip time

in the frequency domain:

AAR) = (g — HA®) - g(ﬂﬁ) AQ)
, A

1
M2 2
2 a2 (2.3.3)

where Q,, = /AAQ is the modulation frequency.

In the steady state, the change of the pulse in one roundtrip is zero

(corresponds to AA(Q) = 0 ). Hence, the mode-locked pulse must be a

solution of the differential equation.

q\2 :
(o-0a@ - o o ) A+ 5002 5 =0
& 2 di? (2.3.4)
We can obtain a Gaussian pulse solution for the equation.
A(Q) = AO exp(—QQ’Tz) (235)

However, the change per pass need not be zero during evolution. If the
roundtrip change is small, the difference equation can be replaced by a
differential equation in terms of the long term time variable T. Since the

pulse is now characterized in terms of its spectrum, slow variation of the
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spectrum is legitimately described in terms of the two-dimensional

differential equation.

1 4 0\’
T o AT =0 - AT - o) AT
1 O?A(T, Q)
+ oM,
2 I (2.3.6)

In next step, we transform the mode-locking equation for the pulse
spectrum that evolves with time into an equation for the temporal pulse
envelope that evolves on a time scale much longer than the pulse-width.

This 1s accomplished by applying the Fourier—transform defined below:

a(f) = f 49 exp(j) A(Q)

(2.3.7)
1 .
AQ) = = / dt exp(—jt)a(t)
2m (2.3.8)
The pulse evolution equation now becomes
L0y =g-tamtro(L) L amy
T BT F 17 W HREE T g | g B
1
— Z MQZ a(T,t
g Mt alT?) (2.3.9)

As a further step, we introduce the simple model to explain that passive
mode-locking mechanism caused by a fast saturable absorber. In passive
mode-locking, the modulator is replaced by a saturable absorber as shown
in Fig. 2.5. The modulation term of the saturable absorber s(t) after

transmission through the absorber is
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So

) = T T /I

(2.3.10)

where
so(<1) : unsaturated loss
I(t) : dependent intensity

Ly : saturation intensity of the absorber

If the saturation is relatively weak, Eq. (2.3.10) can be expanded to give
s(t) = 5o — SoL(t) ) Lsas (23.11)

The intensity multiplied by the effective area of the mode A.s gives the
power in the mode. We normalize the mode amplitude so that |a(t)]” =

power. Then the transmission can be written

sola(t)|? :
8 _ s, oa
satAeff (2.3.12)

s(t) = s, —
Where y is the self amplitude modulation (SAM) coefficient.

The master equation of passive mode-locking with a fast saturable
absorber is obtained by introducing the saturable loss into Eq. (2.3.9) and

omitting the active modulation term. The unsaturated loss s, can be

incorporated into the loss coefficient with the final resulting equation as

1 9 92
—a=(g-Dat 5

2
To OT a+vl|a| a

@ ot2 (2.3.13)
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The solution is a simple hyperbolic secant

ao(t)y = A, sech(t/T)

(2.3.14)
with
20)2
1 _ YA,
2
T 29 (2.3.15)
g
{—g=
2.2
L (2.3.16)
saturable
gain absorber
( ' " )
sech?
: : —»time
1 1 i
loss s(t) E i
i ) ls.

Fig. 2.5 Schematic of the laser passively mode-locked with a fast saturable absorber

and the time dependence of the pulse and the net gain[2.10]
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2-4 Soliton pulse operation state

The soliton phenomenon comes from the balance between the group
velocity dispersion (GVD) and the self phase modulation (SPM) caused
by the Kerr—effect of the nonlinear medium. With the inclusion of the
SPM and GVD effects, the modified master equation for fast saturable

absorber mode-locking is given below:

2

%%a—(g Ha+ ( 1.% +;D) ;2
+ (v = jé)lal*a. 24D
Here D is the group velocity dispersion parameter and the filtering action
is represented by (1/49)(@%/9t%)a 1y a medium of length L, with a
propagation constant whose second derivative is B, the parameter D is
given by D = B,L/2. The Kerr—coefficient is 6 = (2m/ AL/ Aot where A
is the carrier wavelength, n, is the nonlinear index in cm®/W and Ay is
the effective mode cross-sectional area in cm’. The gain is taken as time
independent, which is applicable for a gain medium with a long

relaxation time. The bandwidth is assumed to be limited by a filter of

bandwidth . This equation still has a steady state solution [2.11].

a(t) = A, sech 157 (E)
.

(2.4.2)
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®)
Fig. 2.6 Solution plots for (a) pulse-width and (b) chirp parameter [2.10].

The pulse-width as a function of dispersion is plotted in Fig. 2.6(a). For
nonzero SPM, the shortest pulses are obtained with negative dispersion.
The pulses are always longer with positive dispersion. The chirp
parameter as a function of dispersion is plotted in Fig. 2.6(b). A
combination of negative dispersion with finite SPM can find a zero chirp
solution. For a small SAM coefficient, weak filtering, and negative values
of D, one finds that the pulse is chirp-free. In this case the pulse is
soliton-like. The soliton is a solution of the nonlinear Schrodinger

equation given below:

1 o O
= E =1L —=

— ' 2
T OT a— 76|a|a

> (2.4.3)

which is a chirp-free hyperbolic secant solution:

t i Zeyr foyp
a(T, 1) = A, 5::1:11(—) ¢ %A [F T/ 2
! (2.4.4)

The soliton pulse is continuously phase shifted by the Kerr—effect and the
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soliton amplitude and pulse-width obey the “area theorem”:

AjlT=1/2

D\/6

/ (2.4.5)
The soliton forms via the balance of GVD and SPM. Fiber ring lasers
with net negative dispersion (D<0) can be a platform for producing

soliton-like pulses inside the laser cavity. In the following we list the

formula for the soliton order and soliton period:

Y}
;\;2 - LD ) yPOTO
Ly B,
2 2
e EL o m 1y Teyau
2 2 !BQ: 2B2

Here P, is the peak power, Ty is the width of the incident pulse, and the
parameter N is the soliton order. Lp is the dispersion length and Ly is the
nonlinear length.

In the case of a fundamental soliton (N = 1), GVD and SPM balance
each other in such a way that neither the pulse shape nor the pulse
spectrum changes along the fiber length. In the case of higher-order
solitons, SPM dominates initially but GVD soon catches up and leads to
pulse contraction. Soliton theory shows that for pulses with a

hyperbolic-secant shape and with peak powers determined from soliton
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order formula, the two effects can cooperate in such a way that the pulse
follows a periodic evolution pattern with original shape recurring at

multiples of the soliton period z.
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2-5 Chaotic pulse operation state

It was first shown by Ikeda that a passive nonlinear ring cavity could
exhibit chaotic behavior in response to a constant incident light [2.12].
From the Ikeda’s result, extensive theoretical and experimental studies on
the dynamic features of passive and active nonlinear ring cavities have
also been carried out [2.13-2.16].

In this section, we refer to the paper by Zhao, et al. [2.17] for
explaining the chaotic operation state of mode-locked fiber lasers. They
reported on the experimental and numerical studies of the chaotic
dynamics of a soliton fiber ring laser passively mode-locked by using the
nonlinear polarization rotation (NPR) technique. Here we will only quote
their numerical simulation results as an example.

The light propagation in the optical fibers can be described by the

extended coupled complex nonlinear Schrodinger equations [2.18]:

o, S ik Ow dk uw gz Tea Wi 8 g 9’u
e +F;.'(H‘ +—M Ju+-—=vu +Su+ —
J‘c}: gt 2 o 6 ot 3 3 2 26, ot
dv v k9w ik AV e 22 n o,. g g 9%
—=—ifpv+o—— —d————+ Ry +—‘u‘ wWH+Ltuv + 2 v+ -
| dz at 2 ot° 6 ot’ 3 3 2 202, ot

where u and v are the normalized envelopes of the optical pulses along
the two orthogonal polarized modes of the optical fiber. 2 5=2n/\n/ A is

the wave-number difference between the two modes. 20 =2 5 A /2xnc is
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the inverse group velocity difference. £" is the second-order dispersion
coefficient, £ is the third-order dispersion coefficient, and y represents
the nonlinearity of the fiber. g is the saturable gain coefficient of the fiber
and €, is the bandwidth of the laser gain. For un-doped fibers g=0; For

erbium doped fibers, the gain saturation can be modeled as

J(u)* + |u|fm1

g=GCKP[— P
sat

where G is the small signal gain coefficient and P, is the normalized
saturation energy. They used the following parameters for simulation: y
=3 W' km™, k"=0.1 ps* /nm/km, Q, =25 nm, beat length L,=L/2, and the
orientation of the intra-cavity polarizer to the fiber fast birefringent axis
Y=0.125mn, cavity length L=6gyr+2gprt4smr=12 m and the gain saturation
energy Py =250. To simulate the feature of cavity dispersion
management, they have used the fiber group velocity dispersion (GVD)
as k"gpr = 50 ps/nm/km, and k"spr = —20 ps/nm/km.

With the above laser parameter selection, they showed that the laser
can achieve self-started mode-locking in the linear cavity phase delay
bias range of n<d®<2rn. Numerically they found that with too small

linear cavity phase delay bias selection, the peak power of the
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mode-locked pulses was clamped by the polarization switching effect of
the cavity. No soliton could be formed under this situation.

With the linear cavity phase delay bias set in the range of ~1.2n<d D
<1.5m, conventional soliton operation as observed experimentally could
always be obtained.

With the chosen laser parameter selection, increasing the linear cavity
phase delay bias 0® increases the nonlinear polarization switching
threshold of the cavity. Consequently, the solitons formed in the cavity
can have a higher peak power. When the peak power of the solitons

becomes strong enough, they then experience period-doubling

bifurcations or period-doubling route to chaos.
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Fig. 2.7 Soliton period-doubling route to chaos numerically calculated. (a) Period-1 state;
(b) period-2 state; (c) period-4 state; (d) chaotic state. [2.17]

Figure 2.7 shows, for example, the soliton period-doubling route to
31



chaos which were numerically obtained when the linear cavity phase
delay bias was set as 0@ =1.6m. With the linear cavity phase delay setting,
the output of the laser is a uniform soliton train at the low pump intensity.
As the pump power is increased, to a certain value the soliton peak
intensity suddenly changed to alternating between two values, exhibiting
a so-called period-doubling bifurcation. This period-doubling bifurcation
occurred again as the pump strength is further increased. Eventually the
soliton pulse output became chaotic as shown in Fig. 2.7(d). Note that the
maximum soliton peak power grew up with the increase of the pump

strength.

32



Reference

[2.1] F. Shimizu, “Frequency broadening in liquids by a short light pulse,” Phys.
Rev. Lett., vol. 19, pp. 1097-1100, 1967

[2.2] E. P. Ippen, C. V. Shank, and T. K. Gustafson, “Self-phase modulation of
picoseconds pulses in optical fibers,” Appl. Phys. Lett., vol. 24, pp. 190-192, 1974
[2.3] R. H. Stolen and C. Lin, “Self-phase modulation in silica optical fibers,” Phys. Rev.
A, vol. 17, pp. 1448-1453, 1978
[2.4] R. R. Alfano, “The Supercontinuum Laser Source,” 1989
[2.5] K. Mori, H. Takara, S. Kawanishi, M. Saruwatari, and T. Morioka, “Flatly
broadened supercontinuum spectrum generated in a dispersion decreasing fibre
with convex dispersion profile,” Electronics Lett., vol. 33, pp. 1806-1808, 1997
[2.6] J. Mark, L. Y. L, K. L. Hall, H. A. Haus, and E. P. Ippen, “Femtosecond pulse
generation in a laser with a nonlinear external resonator,” Opt. Lett., vol. 14, pp.
48-50, 1989
[2.7] E. P. Ippen, H. A. Haus, and L. Y. Liu, “Additive pulse mode locking,” J. Opt. Soc.
Am. B, vol. 6, pp. 1736-1745, 1989
[2.8] H. A. Haus, J. G. Fujimoto, and E. P. Ippen, “Structures for additive pulse mode
locking,” J. Opt. Soc. Am. B, vol. 8, pp. 2068-2076, 1991
[2.9] H. A. Haus, J. G. Fujimoto, and E. P. Ippen, “Analytic theory of additive pulse and

Kerr lens mode locking,” Quantum Electronics, IEEE J., Vol. 28, pp. 2086-2096,
33



1992

[2.10] H. A. Haus, “Mode-Locking of Lasers,” Selected Topics in Quantum

Electronics, IEEE J., vol. 6, pp. 1173-1185, 2000

[2.11] O. E. Martinez, R. L. Fork, and J. P. Gordon, “Theory of passively mode-locked

laser including self-phase modulation and group-velocity dispersion,” Opt. Lett.,

vol. 9, pp. 156-158, 1984

[2.12] K. Ikeda, “Multiple-valued stationary state and its instability of the transmitted

light by a ring cavity system,” Opt. Commun. vol. 30, pp. 257-261, 1979

[2.13] S. Coen, M. Haelterman, Ph. Emplit, L. Delage, L. M. Simohamed, and F.

Reynand, “Experimental investigation of the dynamics of a stabilized nonlinear

fiber ring laser,” J. Opt. Soc. Am. B, vol. 15, pp. 2283-2293, 1998

[2.14] K. Ikeda, H. Daido, and O. Akimoto, “Optical turbulence-chaotic behavior of

transmitted light from a ring cavity,” Phys. Rev. Lett. vol. 45, pp. 709-712, 1980

[2.15] H. Nakatsuka, S. Asaka, H. Itoh, K. Ikeda, and M. Matsuoka, “Observation of

bifurcation to chaos in an all-optical bistable system,” Phys. Rev. Lett., vol. 50, pp.

109-112, 1983

[2.16] H. D. I. Abarbanel, M. B. Kennel, M. Buhl, and C. T. Lewis, “Chaotic dynamics in

erbium-doped fiber ring lasers,” Phys. Rev. A, vol. 60, pp. 2360-2374, 1999

[2.17] L. M. Zhao, D. Y. Tang, and A. Q. Liu. “Chaotic dynamics of a passively

34



mode-locked soliton fiber ring laser,” Chaos, vol. 16, pp. 013128, 2006

[2.18] G. P. Agrawal, “Nonlinear Fiber Optics, 3" Academic, New York, 2001

35



Chapter 3
Experimental results and analyses

3-1 Experimental Setup

0%0um LD b Q
WDM
4 4m EDF

PC

Q00

Fig. 3.1 Experimental setup of the passive mode-locked fiber laser.

Polarizer

Our experiment setup is illustrated in Fig. 3.1. We use a fiber ring laser
mode-locked through the nonlinear polarization evolution (NPE)
mechanism. The NPE effect, when followed by intensity discrimination
with a polarization splitter, can provide ultrafast effective saturable
absorption for mode-locking. The all-fiber ring laser cavity utilizes a
4-m-long erbium-doped fiber with 980-nm LD pumping as the gain
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medium. The ring includes an optical isolator (ISO) that ensures
unidirectional laser emission at 1.55 um. It also has two polarization
controllers, which are used to adjust the polarization of the light. The
cavity length is 10m, composed by 4m Er-doped fiber and 6m SMF-28.
The output coupler is 70/30 with 70% returning back to ring and 30%
used for the laser output. The total cavity GVD of the laser is in the
anomalous dispersion regime.
3-2 Laser characteristics

Our laser system can operate under two different states: soliton and
chaotic. A striking feature of the laser is that by simply changing the
orientation of the polarization controllers, the soliton laser operation state
could be changed into a new mode-locked state with a different optical
spectrum of broad bandwidth. The broadband spectrum suggests that the
laser is still mode-locked. However, its spectral distribution is very
different to that of the soliton operation state. The soliton spectrum has
symmetric Kelly sideband as in Fig. 3.2(a) and the auto-correlation trace
is shown in Fig. 3.2(b). Fig. 3.2(c) shows the smooth and broadband
optical spectrum under the chaotic state. The auto-correlation trace under

the chaotic state is shown in Fig. 3.2(d).
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Fig. 3.2(a) Optical spectrum under the soliton state, 3dB bandwidth: 10nm, span: 50nm.
(b) Auto-correlation trace under the soliton state, pulse width: 311fs. (c) Optical spectrum

under the chaotic state, 3dB bandwidth: 12nm, span: 100nm. (d) Auto-correlation under
the chaotic state, pulse width: 308fs.
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Fig. 3.3 shows the RF intensity spectra and the phase noise spectra for
both the soliton and chaotic states. Fig 3.3 (a) and Fig 3.3 (d) indicate that
the laser repetition rate is close to 20MHz, which is the fundamental
cavity repetition frequency. The RF signal is 60dB above the noise
background under the soliton state. However, the intensity noises are
obviously larger in Fig. 3.3(e) for the chaotic state. The resulting phase
noise spectra of the two states are shown in Fig. 3.3(c) and Fig. 3.3(%).
The chaotic state possesses ultrahigh phase noises about -40 dBc/Hz at
the low frequencies. There is also a noise bump around 100kHz. The

noise level drops to -120 dBc/Hz at 10MHz eventually.
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Fig. 3.3 (a) RF spectrum under soliton state; span 100MHz. (b) RF spectrum under

Phase noise(SSB)[dBc/HZ]

soliton state; span 10MHz. (c¢) Phase noise measurement under soliton state. (d) RF
spectrum under chaotic state; span 100MHz. (e) RF spectrum under chaotic state;

span 10MHz.(f) Phase noise measurement under chaotic state.

Fig. 3.4 shows that the output power is increasing linearly with the
pump current for both states. Experimentally we first tune the
polarization controllers into a particular state for either soliton or chaotic
operation. Second, we reduce the pump current to zero. Third, we then
increase the pump current gradually without changing the orientation of
the polarization controllers. It can be seen that it needs a higher pump
current to reach the chaotic mode-locked state (430mA pump current
should be required). In contrast, one only needs 150mA pump current to

reach the soliton state.
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To have a better clue for the laser dynamic difference of the two
operation states, we have also recorded the changes of the optical spectra
from CW to mode-locked states. When we increase the pump current
continuously, Fig. 3.5 shows that there is only one CW peak in the optical
spectra before the soliton mode-locking. On the contrary, there are two
competing CW peaks at 1530 and 1560 nm before the chaotic
mode-locking as shown in Fig. 3.6. Moreover, we observe that the pulse
amplitudes in the chaotic pulse train are not the same and randomly
varying when measured by a real-time oscilloscope. But they are the

same in the soliton case.
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Fig. 3.5 (a)~(c)Transition of optical spectra from CW->Soliton mode-locked state (d) The

pulse train measured by a Lecroy real time oscilloscope.
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the pulse train measured by a Lecroy real time oscilloscope.
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3-3 Pulse propagation in optical
fibers

3-3-1 Soliton pulse operation state

For the soliton state, Fig. 3.7 shows that the initial pulse width before
transmission is 355 fs, and its 3dB bandwidth is 8nm. In Fig. 3.8, we
utilize this soliton pulse to propagate through about 20m &100m SMF-28.
The results indicate that the autocorrelation trace can still be fitted well
by assuming the sec’h profile, and the measured pulse width agrees with
the expected value from the straightforward calculation based on the
known fiber dispersion: 8(nm)*17(ps/nm*km)*0.02(km)=2.7ps. The

expected pulse broadening indicates that the nonlinear effect is not

enough and thus the outcome is mainly dispersion dominated.
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Fig. 3.7 (a)Auto-correlation trace before 20m & 100m SMF-28 propagation under soliton
state, FWHM: 355fs(b) Optical spectrum before 20m & 100m SMF-28 propagation under
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3-3-2 Chaotic pulse operation state

For the chaotic pulse state, Fig. 3.9 shows that the initial pulse width
before transmission is 308 fs, and its 3dB bandwidth is 14nm. In Fig. 3.10,
we utilize the chaotic pulse to propagate through 20m & 100m SMF-28.
After propagation, we can observe that there are a narrow central spike
and a broad base in the auto-correlation trace. This broad base can be
affected by dispersion. If we propagate the pulse train through longer
length SMF-28, the broad base will be more broaden and the central peak
will be lower. However the width of the central narrow spike is not much
affected by the fiber length. This 1s a signature indicating that the laser

may output a chaotic pulse train.
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Fig. 3.9 (a)Auto-correlation trace before 20m & 100m SMF-28 propagation under chaotic
state, FWHM: 308fs(b)Optical spectrum before 20m & 100m SMF-28 propagation under
chaotic state , 3dB bandwidth: 14nm, span: 100nm.
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We then use a bandpass filter to keep only the central spectrum band
because we want to verify if the mode-locking quality of the central
spectral part could be better. Fig. 3.11 gives the optical spectrum and the
auto-correlation after the bandpass filter. Here the band-pass filter is with
a square profile. In Fig. 3.12, we utilize the filtered pulses to propagate
through 20m SMF-28 again and get the same result as in Fig. 3.10. From
these data, we can conclude that chaotic mode-locking quality is over the

whole optical spectrum.
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Fig. 3.11 (a)Auto-correlation trace after band-pass-filter under chaotic state, FWHM:
601 fs(b)Optical spectrum after band-pass-filter under chaotic state, 3dB bandwidth:

14nm, span: 50nm.
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3-4 Four-wave mixing and
super-continuum generation

In this section, we compare the difference of nonlinear pulse
propagation for the soliton case with the Kelly sidebands or without the
Kelly sidebands. First we let the laser operate under the soliton state as in
Fig. 3.13. Then we set up two comparative experiments. The first case is
with the optical spectrum as shown in Fig. 3.14, in which the Kelly
sidebands have been filtered out by the band-pass-filter. From the
auto-correlation trace, the FWHM pulse-width is 599fs. The other case is
obtained by connecting a VOA (variable optical attenuator) to form
600fs-pulse width as in Fig. 3.15. The VOA is for adjusting the output
power to let both the input average power and pulse-width are roughly the
same before the dispersion-shifted-fiber. In the next step we propagate the
600 fs short pulses of the two cases through several hundred meters of the
dispersion shifted fiber (DSF). The DSF can provide larger nonlinear
effects than the SMF-28. Fig 3.16 shows the evolution of the optical
spectrum and auto-correlation trace with linearly increasing power levels
for the case without Kelly sidebands. One can observe that the

shorter-wavelength band grows up with the increasing output power due
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to the four-wave-mixing effects. On the other hand, Fig. 3.17 shows the
results for the case with Kelly sidebands. One can see a more significant
walk-off effect in the auto-correlation measurement for the higher optical
power levels. The reason may be because the Kelly sidebands can be a

more effective energy intermediary between the two spectral bands (1530

& 1560 nm).
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Fig. 3.13 (a) Optical spectrum (3dB bandwidth: 10nm) and (b) auto-correlation trace
(FWHM: 306fs) under the soliton state.
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Fig. 3.17 (a)~(p)Evolution of optical spectrum and auto-correlation trace after VOA &

DSF on different power levels under the soliton state with Kelly sidebands.
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As a comparison, we then perform the following experiments by
utilizing the chaotic mode-locked state. We propagate the chaotic pulse
train through the dispersion-shifted-fiber to generate super-continuum.
Fig. 3.18 shows the optical spectrum of the chaotic pulses with the central
wavelength of 1552 nm and the spectral width of 13 nm. The FWHM
pulse-width from the auto-correlation trace is 300 fs and the laser output
power is 24mW. Fig. 3.19 is the super-continuum generation result after
propagating through the dispersion shifted fiber. The most interesting
point is that there is no significant modulation on the super-continuum
spectrum when we raise the optical power to extend the optical spectrum.
The 3dB bandwidth can reach ~120nm with a relatively uniform spectral
distribution. It can be used as a broadband light source which can find

many useful applications.
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Fig. 3.18 (a) Optical spectrum under the chaotic state, 3dB bandwidth: 13nm, span:

100nm. (b) Auto-correlation trace under the chaotic state, pulse width: 300fs.
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3-5 Pulse compression

In this section, we try to compress the generated ultra-short pulses to
achieve the possible minimum pulse-width and to implement the pulse
compression experiment for comparing the soliton and chaotic states. Fig.
3.20 shows the schematic diagram for the pulse compression experiment,
including a band-pass optical filter, EDFA, and a section of SMF-28 for
the dispersion compensation. The optical filter is used only for the soliton
state because we want to filter out the kelly sideband in order to obtain a
more clean optical spectrum. First we let the laser operate in the soliton
state, which has the spectral width of 10nm and pulse-width of 305 fs in
Fig.3.21. Then we use the band-pass filter to filter out the Kelly sideband
spectral part as in Fig. 3.22, which produces the FWHM pulse-width
=596 fs, estimated from the auto-correlation trace. In the next step we
connect an EDFA to provide the normal dispersion. Fig. 3.23 also shows
that there are some nonlinear effects caused by the EDFA since the
optical spectrum bandwidth is broaden to 13nm. Finally we choose the
6m SMF to be the compressor for the soliton state case, which is
experimentally the most optimized length to compensate the pulse chirp

caused by the nonlinear effects and normal dispersion of the EDFA.
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When we increase the EDFA pumping current, we can observe that the
EDFA output power is proportional to the optical spectrum broadening
but inversely proportional to the auto-correlation trace width in Fig. 3.24.
Eventually, the minimum pulse-width we obtain is 223 fs and the

broadened spectrum bandwidth is about 50nm.
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Fig. 3.21 (a) Optical spectrum and (b) auto-correlation trace under the soliton state.
Spectral 3dB bandwidth: 10nm, span: 50nm, FWHM pulse-width: 305fs.
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Fig. 3.22 (a) Optical spectrum and (b) auto-correlation trace after band-pass filtering
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Fig. 3.24 (a)~(v) Evolution of optical spectrum and auto-correlation trace after

BPF&EDFA by increasing the output power under the soliton state
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Again, as a comparison, we let the laser operate in the chaotic state,
which exhibits the spectral width of 12nm and the pulse-width of 308 fs
as shown in Fig. 3.25. After the EDFA, we find that the 3dB spectrum
bandwidth does not exceed the original 3dB bandwidth even we
continuously enhance the EDFA pumping current. We also observe that
there is no significant modulation on the optical spectra. Furthermore, we
find that the auto-correlation trace is with a narrow central spike and a
broad base for the chaotic state, as shown in Fig. 3.26. Finally we set the
output power to be 16.2 mW as the case in Fig. 3.27. Then we use 2m,
6m, 8m, and 9m of SMF-28 to compress the chaotic pulse. The narrow
central coherence spike is not affected by the linear dispersion

compensation, indicating that the chaotic pulses cannot be compressed

well.
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Fig. 3.25 (a) Optical spectrum and (b) auto-correlation trace under the chaotic state. 3dB
bandwidth: 12nm, span: 100nm, FWHM pulse-width: 308fs.
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Fig. 3.26 Evolution of optical spectrum and auto-correlation by increasing the EDFA

output power under the chaotic state.
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Chapter 4
Conclusion and future work

4-1 Summary of the achievements

We have experimentally observed two kinds of passive mode-locked
laser operation states (soliton and chaotic-like) with the use of the P-APM
technique. The soliton operation state is with some symmetric kelly
sidebands while the chaotic pulse operation state exhibits a smooth broad
spectrum. Both states can produce ultrashort pulse trains with the FWHM
pulse-width around 300 fs. However, the pulse characteristics of the two
states become very different after propagating through additional optical
fibers. From the results after propagating through the DSF under the
soliton operation, we can observe obvious four-wave-mixing effects on
the optical spectrum and obvious walk-off effects in the auto-correlation
trace with the presence of Kelly sidebands. By propagating the chaotic
pulses through the DSF, we can obtain a super-broadband light source. Its
bandwidth can reach 120nm with a relatively uniform spectral distribution.
This can be an advantageous application for the observed chaotic

operation state.
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We have also investigated the possibility of performing further pulse
compression to reduce the pulse-width for both states. An EDFA with
normal dispersion and a section of SMF-28 are used as the compressor.
The minimum possible pulse-width is 223 fs under the soliton operation.
However, the chaotic pulse train exhibits a narrow central coherence spike
which is not affected by the dispersion, indicating that the chaotic pulse
train cannot be compressed well.

Finally, the comparative experiment in the literature shows that
broadband super-continuum lights can be generated by noise-like pulses
propagating in a section of 100m standard single-mode-fiber operated in
the normal dispersion regime [4.1]. The super-continuum exhibits a pulse
energy threshold of 43 nJ (corresponds to ~1 W of the average power)
and a flat spectrum over 1050-1250 nm. On the contrary, we just use
24mW of the average power to reach a 120 nm relatively flat spectral
distribution after propagating through the DSF. From such comparison,
the chaotic ultra-short pulse operation state investigated in the present

work may find useful applications for super-continuum generation.
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4-2 Possible future work

In principle, there are at least three points that we may try to improve
or implement in the future.

(1)We can try to further improve the performance of super-continuum
generation. In order to obtain more nonlinear effects on pulse
propagation, using the HNLF or adding a higher power optical
amplifier after the laser output can be the method.

(2)In Fig. 3.6, if we use two band-pass filters to selectively separate the
spectral components around 1530nm and 1550nm so as to measure
them individually by an oscilloscope, we may be able to test the
intensity correlation between the two spectral components. The
obtained results may help to clarify whether the coexistence of the
1530nm and 1550nm CW lasing under the lower pumping power is
indeed the key for the existence of the chaotic mode-locked state
under the higher pumping power.

(3)In the literature, the chaotic (noise-like) mode-locked states are all
found in passive mode-locked laser systems. It is interesting to see if
we can use a modulator to achieve a high repetition rate chaotic

mode-locked fiber laser.
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