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Abstract

The thesis is focused-on the study of the tuning characteristics for
asynchronous mode-locked Er-doped fiber lasers. With the experimental
laser structure of.hybrid active/passive.mode-locking, laser performance
data under parameter tuning are collected by the RF spectrum and optical
spectrum analyzer to wunderstand® the relationship among the
synchronous/asynchronous < mode-locking..—and/ / the  modulation
intensity/frequency. We. also use the variational ‘method and numerical
solution to study the transition between  the  synchronization and
non-synchronization operation states.

In the experiment, the phase modulator is operated with the
modulation frequency around the 10GHz and 20GHz with different
modulation strengths. The changes of the RF spectra and the transition
from synchronization to non-synchronization are the main focuses of
observation. The 10GHz and 20GHz operation states exhibit slightly
different performance characteristics. We experimentally verify the
synchronous/asynchronous laser transition properties and compare the
experimental observations with the theoretical predictions based on the

variational method.
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Chapter 1
Introduction

1.1 Overview

Fiber laser is a laser with a doped fiber as the gain medium, or just a
laser with a laser cavity where most of the laser resonator is made of
fibers. The fiber gain medium is a fiber typically doped with rare earth
ons such  as erbium (1550nm)- "or | ytterbium (1060nm). One or
several fiber-coupled<laser diodes are used. for pumping. The 1550nm
wavelength region has been-widely utilized as the fiber communication
spectral window, simply because the 1550nm wavelength region has the
lowest fiber propagation loss. In contrat, the ytterbium-doped gain media
Is often used for high-power lasers and for wavelength-tunable solid-state
lasers, mainly because the ytterbium-doped fiber laser is with very high
efficiency. The rapid progress was also driven by a correspondingly
impressive development of low-cost, high-brightness, fiber-coupled pump
diodes as the pump sources, enabling development of compact systems
with extremely high efficiency.

Fiber lasers has many types, such as Q-switched fiber lasers,

high-power fiber lasers, upconversion fiber lasers, narrow-linewidth fiber


http://www.rp-photonics.com/rare_earth_doped_fibers.html
http://www.rp-photonics.com/rare_earth_doped_fibers.html
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lasers, mode-locked fiber lasers, etc. Q-switching, sometimes known as
giant pulse formation, is a technique by which a laser can be made to
produce a pulsed output beam [1.1]. Q-switched lasers are based on the
modulation of the optical cavity’s quality factor. In comparison to
mode-locking, Q-switching typically leads to much lower pulse repetition
rates, much higher pulse energies, and much longer pulse durations.
High-power fiber lasers are mostly based on double-clad fibers [1.2].
The gain medium forms the core of the fiber, which'is surrounded by two
layers of cladding. The lasing mode. propagates in the core, while a
multimode pump_beam propagates in the- inner cladding.layer. The outer
cladding keeps this pump light confined. This arrangement allows the
core to be pumped with a much higher-power beam than could otherwise
be made to propagate in it,/and allows the conversion of the pump light

with relatively low brightness into a much higher-brightness signal.

There are two general ways to achieve mode-locking: one is the
passive mode-locking and the other is the active mode-locking. Typically
the passive mode-locking can generate shorter pulses than active

mode-locking. On the other hand, the active mode-locking can generate



higher repetition rates than passive mode-locking. Passive mode-locking
can be implemented by a variety of different mechanisms, such as
saturable  absorber = mode-locking, polarization  additive-pulse
mode-locking (P-APM) and stretched-pulse additive-pulse mode-locking.
In contrast, active mode-locking can use two different methods of optical
modulation: amplitude modulation (AM) mode-locking and phase
modulation mode-locking. One 'of ‘the .major advantages of active
mode-locking is that it allows synchronized operation of the mode-locked
laser to an external radio frequency (RF) source. This is very useful for
optical fiber communication, where synchronization is normally required
between optical signal and electronic control signal. In-addition, there are
also hybrid active/passive mode-locked lasers.” One example is the
asynchronous mode-locked /Er-doped-fiber soliton laser which has been
developed in our lab over the past years. Theoretical analyses based on
the master equation model solved by the variational method have been
carried out. All the pulse parameters of the laser output will exhibit
complicated slow periodic variations under the asynchronous soliton
mode-locking mode [1.3][1.4]. This is also the mode-locked fiber laser

system that will be investigated in this thesis study.



1.2 Motivation

Asynchronous mode-locking is a hybrid active/passive laser
mode-locking mechanism in which the frequency of intracavity phase
modulation is slightly detuned away from the cavity harmonic repetition
frequency by a few tens of kilohertz. In this thesis study, we want to
Investigate the synchronous/asynchronous transition properties, and in
particular, how the transition.is affected .by the laser parameters. The
changes of the RF spectra under the transition from synchronization to
non-synchronization - are -the= main . focuses of = observation. These
experimental observations can then be compared with. the theoretical
modeling to help ‘understand more deeply the  laser dynamics of

asynchronous mode-locking.

Mode-locking

L R

™= “1

| |

| |

I Synchronous I

i Asynchronous T Asynchronous i

| | 0 | | Detuning
frequency

Fig 1.1 Relationship between Synchronous/asynchronous and detuning

frequency.



1.3 Organization

The thesis consists of four chapters. Chapter 1 is an overview and
describes the motivation for doing this research. Chapter 2 describes the
methods of different mode-locking techniques and the solution of the
mode-locked laser master equation by the variational method. Chapter 3
describes the experimental setup and results. Finally Chapter 4 presents

the summary and possible future work!
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Chapter 2
Principles of mode-locked fiber lasers
2.1 Synchronously active mode-locking

The active mode-locking is achieved by modulating the loss or phase
of the laser cavity. When the modulation frequency is synchronized with
the cavity’s round trip time, the pulse train in the resonator will continue
to grow and then achieve. stable ‘mode-locking. Generally, active
modulation can be <achieved with an acousto-optic or electro-optic
modulator.

As explained above, active mode-locked fiber lasers can use two
different methods-for optical modulation. The two different methods will
be given in the following two sub-sections (2.1:1'and 2.1.2). One is the
amplitude modulation mode-locking (AM) ‘and the other is the phase

modulation mode-locking.

Gain medium Modulatgr

—

t

Fig. 2.1 Schematic of an active mode-locked laser
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2.1.1 Phase modulation mode-locking

A phase modulator is an optical modulator which can be used to
control the optical phase of a laser beam. By modulating the phase of the
optical field in the laser cavity periodically, it can achieve mode-locking
without changing the amplitude of the optical field and then produce
short pulse trains. This mechanism can be analyzed both in the frequency
domain and the time domain [2.1].

In the time domain, the phase modulator provides a phase change for
the optical pulse. Assume-the pulsewidth is.much smaller than the
modulation period, then the optical phase changed. by the phase
modulator can be expressed as,

¢(t)=¢o+d—‘”t+@t2+m (2.1)

dt dt?

This term ¢, is only a constant phase-that has no effect on optical pulses.
When the optical pulse passes through the modulator, the central
. e ¢ do do . . .
frequency of the pulse will shift if E;eo. (EIS the immediate
frequency). The central frequency of the optical pulse will continue to
shift by modulation until this pulse is shifted outside of the gain
do

bandwidth and disappears. Therefore, only at E=0 the pulse can

survive, because the central frequency of the optical pulse will not be



shifted by modulation.

Actually, ?j—(tp =0 have two solution states, but in most situations
only one state can be stable and the other can’t. Which solution state can

exist in the cavity depends on the sign of the cavity dispersion. This is

2

because the second order term ?j ? provides a chirp to the pulse and

t2

will affect the optical propagation of the pulse by interacting with the
dispersion.

In the frequency domain, let us assume wq s the angular frequency of
the longitudinal _mode. When this mode passes through the phase
modulator, the optical signal can be written below:

E(t) = Ejcos(wgt+ Mcosly;) (2.2)

where M is the modulation index, (1, is the modulation frequency.

It can be expanded as:

E(t) =E, 2= J,(M)cos(wyt+ nlyt) (2.3),

J,(M) is the n-th order Bessel function. From the formula it can be
observed that the optical signal consist of unlimited sidebands. These
sidebands can phase-lock adjacent modes through injection locking and

then the periodic pulse train will be formed.



2.1.2 Amplitude modulation mode-locking

Amplitude modulation mode-locking is a method to produce a short
pulse train by modulating the optical amplitude of the light. It also can be
analyzed both in the time domain and frequency domain.

In the time domain, the modulation provides a time dependent loss.
When the gain is greater than the loss, the optical pulse trains will
continue to grow and get shorter. However, short pulses will experience
larger dispersion and-thus-in the end, the two forces balance each other to
form the steady state pulse-shape. The modulation time period must be
equal to a multiple of the roundtrip time for stable pulses.to be generated.

Fiqure2.2 shows the active mode-locking process in the:time domain.

?intensity
I
— — — -
I I I I time
| .
| I
\! !/\! !ﬁss
— gain
net
gain
1 I -"
0 Tg time

Fig. 2.2 Actively mode-locked pulses in the time domain and the time

dependence of the net gain.[2.1]
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In the frequency domain, as the gain level is above threshold, the net
gain of the system is greater than zero, then the longitudinal modes will

begin to lase. The longitudinal modes are separated equally in frequency

domain and the frequency interval is AQ = i—’ , Where T is the round
R

trip time. Again these sidebands will injection-lock the neighboring
modes sequentially and the mode-locking. is formed eventually. Figure
2.3 shows the active mode-locking process in the frequency domain.

Frequency Domain

unsaturated gain
modelocked gain
free running gain

AL
i—:—-—”-— ] g |- o

injection signal
MA, cosQyut — ™

Fig. 2.3 Actively mode-locked modes in the frequency domain.[2.1]
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If the central mode without amplitude modulation is expressed as Eg

cos(mot), then the amplitude modulated optical signal can be expressed as:

E(t) = E,(1+McosQ,,t)cos(a,t)
M M
= E,cos(a,t)+E, ?cos(a)O -Q,, t+E, ?cos(a)O +Q, )t (2.5)

We denoted the modulation depth is M and the modulation frequency is
Q...

The central frequency ®, produces-two. sidebands (wq+CQy) wWhich
have the same phase after-the- modulation. Whenthese modes pass
through the amplitude -modulator again, the other two inphase sidebands
(0ot2Qp) will “be produced. This process will repeat until all the
longitudinal modes in 'the " gain bandwidth are ‘locked. Due to
mode-locking, these frequency components that are separated Qy will

have fixed phase relation and will produce a periodical pulse train in the

time domain.

wo-2Cm wo-Cm W wo+y wo+20m

Fig. 2.4 Sketch of the amplitude modulation mode-locking in the frequency domain.
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2.2 Asynchronously mode-locked fiber lasers

In normal active harmonic mode-locked lasers, the optical modulator
Is driven synchronously with respect to the cavity harmonic frequency.
The optical pulses will be shifted by a frequency if not synchronized.
With the finite bandwidth filter and gain, the pulse trains cannot achieve
stable mode-locking. However, in'the asynchronous soliton mode-locked
laser [2.2], the modulation frequency and the cavity harmonic frequency
have a small deviation frequency from several.\kHz to tens kHz and stable
mode-locking still can be achieved [2.3] .

The fiber laser is consisted of the gain, the optical bandpass filter,
group velocity (GVD), self phase modulation (SPM) and the phase
modulator driven asynchronously. Because of asynchronous modulation,
the optical pulses reach the optical modulator not always at the peaks of
the modulation signal. When the pulse passes through the phase
modulator, the central wavelength of the pulse can get a small frequency
shift. When the nonlinear effects are not considered, the asynchronous
modulation will shift the central frequency of the pulses periodically with

accumulation. The gain medium and the filter are both fixed with finite

13



bandwidth, the overdeveloped amount of central frequency shift can
make the pulse leave the center of the gain or the filter. Then the pulses

can’t exist in the cavity since they will experience quite large loss.

Filter&Gain
Soliton
Soliton
Atasm ’\
ﬂCIJASM
Soliton
Phase Modulator GVD&SPM

Modulation F_:_'j_.'_:a' Atasy + Dt eoititon

signal i

- Awgsy + BWsoiiton

Fig. 2.5 Laser cavity with the gain, filter, (groupvelocity dispersion) GVD, (self

phase modulation) SPM and the phase modulation driven asynchronously.
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Filter

Fig. 2.6 The noise-cleanup effect in the asynchronous

soliton mode-locked laser.

The noise clean up mechanism 4s similar to the effects of the
sliding-frequency guiding filter in the soliton communication systems
[2.4]. The central frequency of soliton and the central frequency of the
filters will vary together in the fiber cavity during propagation, but the
central frequency of the linear noise keeps fixed and will be filtered out
by the optical filter. So a higher SMSR (Side Mode suppression ratio) can
be obtained [2.5], even when there is no explicit intracavity optical device

to suppress the supermode noises.

15



2.3 Master equation for asynchronously mode-locked fiber
Lasers
The master equation model for asynchronous mode-locked lasers is

given as [2.1][2.3][2.6][2.7]:

au(TJ tj Yo . a?u . 2
ES
+ jMcos[w,,(t + RT)]u (2.3.1)

The equation is derived under the-assumption of small round-trip change.
Here w(T,t) is the complex-field envelope of the pulse, T is the
number of the cavity round trip time; t -is-time, g, 1S linear gain, E_ is
saturation energy, I, is linear loss; d;. is the effect of the optical filtering,
d; is group velocity dispersion, k. <is-the effect of equivalent fast
saturable absorber, k;is the self-phase modulation coefficient, M is the
phase modulation depth, w,, is the modulation frequency, and R is the

timing walk-off per round trip.
1 1 &f
):&&

&f 1s the deviation frequency between the N-th cavity harmonic

frequency Nf, and the modulation frequency f,, . In analyses, the
sinusoidal modulation curve of the phase modulator can be expanded by

Taylor’s series as:

16



Mcos[w,,(t + RT)] ~ my — my [t — t5(T)] — m,[t — £,(T)]?
where m,; = Mw,, sin{w,,[t,(T)+ RT]}

m, = %a;; cos{w,,[t,(T) + RT]} .

2.4 Solution of the master equation by the variational method
The master equation can be solved approximately by using the
variational method developed in{[2.7]. By assuming the following

solution ansatz :

t — to(T)

1-+if (T)
= Jlw{TE to (R0 (T)] 241
oo ) e ( )

u(T,t) = a(T) sech (

where w(T)is the optical center frequency, t,(T) istiming, B(T) is
chirp, a(T) isthe amplitude, and z(T) is the pulserwidth, one can

derive the evolution equations.for all the pulse parameters:

) — Mo sinfeon(to(T) + BT} - MT(;;E D) w242
dt;? = 2d,w(T) + 2d, B(T)w(T) (24.3)
d;;gﬂ?) _mymPT + 202 (ky — kfrjz_ 2Qd+ & BYA+ED ) 44
dc;(;"j _ (g 1y 18?7 4 64 —9:;(52 7+ 9T )4
du(T) _ 4(=2d, +k,a*t* +3d,B + d,B’] (2.4.6)

dT 9t

17



These ordinary differential equations can then be solved numerically to

study the laser dynamics of asynchronous mode-locking.
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Chapter 3
Experimental setup and results
3.1 Experimental setup

The system setup of our asynchronous mode-locked Er-doped fiber

lasers is shown in Fig 3.1.

gcom@

Er-doped fiber

; Isolator Polarization

. Controller
Coupler 1

In-line Tunable optical
20% 80% G@ polarlzer bandpass filter

Polarization |
Coupler 2 Controller Phase .
modulator

Laser output

RF synthesizer

Fig. 3.1 Experimental setup

The Er-doped fiber is pumped by two 980 nm laser diodes. The
isolator in the cavity is for single direction optical wave propagation.

There are two couplers used here to distribute optical signal. The coupler
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1 divides 80% optical signal into the cavity and 20% into the coupler 2,
which divides 10% into the PD. The optical power incident on PD is
converted to electrical signals and then into the RF spectrum analyzer.
The rest 90% of the optical power is for laser output. The two
polarization controllers and the in-line polarizer are used to achieve
polarization additive-pulse mode-locking (P-APM). The phase modulator
iIs the core element of the.experiment. for achieving asynchronous
mode-locking. In the.experiment we change the modulation frequency
and modulation strength to-explore. the laser dynamics.. The devices that

have been used in the fiber ring cavity are listed in the Table 3.1
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Table 3.1 Devices in the fiber ring cavity

Device specification
980nm laser diode JDSU 3000 Series 980 nm pump * 2
Phase modulator Vn=4.7 volt @1GHz
Erbium-doped fiber LIEKKI™ Er80-8/125, ~5.5m
Single mode fiber SMFE28, ~19.5m
Polarization Thorlabs manual fiber-polarization controllers
(FPC030) *2
Tunable optical Bandwidth :/13.5 nm
bandpass filter Central wavelength : 1530~1570 nm
Coupler 80/20*1+, 90/10*1
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3.2 Parameter tuning
3.2.1 10 GHz operation

From Chapter 2, we know how to generate synchronously and
asynchronously mode-locking. The changes of the RF spectra and the
transition from synchronization to non-synchronization are the main
focuses of observation. We. change the modulation frequency and
modulation strength to explore the laser dynamics..In the experiment, we
first set both the pump lasers at 500 mA. Then we set the phase
modulation frequency at 10GHz. With the change of.the modulation
frequency, we record all the spectral data from the RF spectrum analyzer.
The experiment is explained by the schematic diagram in Fig. 3.2 and the
measured data are listed afterwards:

modulator frequency

F43
cavity mode - —>

Fig. 3.2 Change of the modulation frequency
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modulator frequency

cavity mode

About tens of kHz

Fig. 3.3 Schematic diagram for modulation frequency and cavity frequency
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Fig. 3.4 RF spectrum of the laser output near 10GHz with 1MHz span
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Fig. 3.5 Optical spectrum of the laser output near 1560nm with 20nm span
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modulator frequency

cavity mode

About 20kHz

Fig. 3.6 Schematic diagram for modulation frequency and cavity frequency
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Fig. 3.7 RF spectrum of the laser output near 10GHz with 1MHz span
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Fig. 3.8 Optical spectrum of the laser output near 1560nm with 20nm span
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modulator frequency

cavity mode

Fig. 3.9 Schematic diagram for modulation frequency and cavity frequency
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Fig. 3.10 RF spectrum of the laser output near 20GHz with 1MHz span
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Fig. 3.11 Optical spectrum of the laser output near 1560nm with 20nm span
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modulator frequency

cavity mode

About 20 kHz

Fig. 3.12 Schematic diagram for modulation frequency and cavity frequency
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Fig. 3.13 RF spectrum of the laser output near 10GHz with 1MHz span
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Fig. 3.14 Optical spectrum of the laser output near 1560nm with 20nm span
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modulator frequency

cavity mode

About tens of kHz

Fig. 3.15 Schematic diagram for modulation frequency and cavity frequency
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Fig. 3.16 RF spectrum of the laser output near 10GHz with 1MHz span
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Fig. 3.17 Optical spectrum of the laser output near 1560nm with 20nm span
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modulatorfrequency

cavity mode

About one hundred kHz

Fig. 3.18 Schematic diagram for modulation frequency and cavity frequency
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Fig. 3.19 RF spectrum of the laser output near 10GHz with 1MHz span
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Fig. 3.20 Optical spectrum of the laser output near 1560nm with 20nm span

Figure 3.3, 3.6, 3.9, 3.12, 3.15, and 3.18 illustrate the different ways
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for changing the modulation frequency. The data are recorded for each 1
kHz change. Figure 3.4, 3.7, 3.10, 3.13, 3.16, and 3.19 show the
measured RF spectra and Figure 3.5, 3.8, 3.11, 3.14, 3.17, and 3.20 show
the optical spectra. These experimental data are for the case of 10G Hz,
-5dBm.

From the stored RF spectra, we can also read the repetition

frequencies and plot them below.
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Fig. 3.21 Repetition frequency versus modulation frequency at 10GHz,-5dBm

32



10.00494
10.00493 _.
10.00492 -
10.00491 -—

10.00490 -

10.00489 -—

Repetition frequency (GHz)
1

10.00488

10.00487

T T T T T T T T T T T T 1
10.00488 10.00490 10.00492 10.00494 10.00496 10.00498 10.00500
Modulation frequency (GHz)

Fig. 3.22 Repetition frequency versus modulation frequency at 10GHz,-6.5dBm
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Fig. 3.23 Repetition frequency versus modulation frequency at 10GHz,-8dBm

In figure 3.21, 3.22, and 3.23 , the laser repetition frequency versus

the modulation frequency for different modulation strength are plotted.
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3.2.2 20 GHz operation
To have more data for comparison, we also operate the laser under 20
GHz and record the data as the 10 GHz case. In the following we only

show the repetition frequency versus the modulation frequency diagrams.
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Fig. 3.24 Repetition frequency versus modulation frequency at 20GHz,-5dBm
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Fig. 3.25 Repetition frequency versus modulation frequency at 20GHz,-6.5dBm
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Fig. 3.26 Repetition frequency versus modulation frequency at 20GHz,-8dBm
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3.3 Comparison and discussion

Before performing the discussion and comparison, we need to
introduce some definitions in order to make the following discussion
more clear. In figure 3.27, it was commonly believed that the deviation
frequency f; is simply the difference between the modulation
frequency f,, and the cavity harmonic frequency f.. However the theory
of the frequency pulling effect-predicts that f,c,, will not be equal to f;

and the value of f, ;s Will'be a function of the:modulation depth.

4 Harmonicmode f,
1 ’“‘ Modulation frequency f,,
fasm
| | } f
| |
fa

Fig. 3.27 Originally defined modulation frequency f,, and harmonic frequenciesf,



Harmonic mode f_

\ i
' A A ..

| ———Pulse repetltmnfrequencyfp

A I “ Modulation frequency f
I fasm
:*—- | > f
i |

fa

Fig. 3.28 Defined modulation frequency f,,~and pulse repetition frequency f,

In Figure 3.28, we have the modulation frequency f.,, the cavity
harmonic frequency f., and the pulse repetition frequency f,. The
difference between f. and f. IS the-detuning frequency f;, and the
difference between f, ‘and. f, is the.asynchronous mode-locking
deviation frequency f,qy - fiu 1S the pulling frequency by repetition
frequency pulling effect [3.1].

From figure 3.21, 3.22, 3.23, 3.24, 3.25, and 3.26, one can observe
the synchronous to asynchronous transition. We can also calculate the

pulling frequency f, and plot it versus the detuning frequency f;.
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About the repetition frequency pulling effect, in order to understand
the physical meaning of such a linear drift, it is important to note that the
master equation model [3.2][3.3] has pre-assumed a fixed laser round trip
time. Therefore a constant pulse timing position drift per round trip will
correspond to a change of the pulse repetition frequency. Mathematically,
the mechanism for producing such a linear drift is as follows. First, all the
pulse parameters oscillate sinusoidally due to the sinusoidal excitation of
the asynchronous phase “modulation, that is, the first term in the

right-hand side of Eq. (3.1).

dw(T) | 4d.(1+ 3(D))
T —Ma,, sin{w,, (t,(T) + RT)} — 32 (1) w(T) (3.1)
dt;? = 2d,0(T)+ 2d:B(Tw(T) (3.2)

Then, due to the nonlinear characteristics of Egs. (3.1) and (3.2), small dc
components will also appear in the right-hand side of both equations
through the nonlinear terms. Finally, the dc components cause the timing
to drift linearly since there is no restoring force for the timing position in

Eq. (3.2).
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Fig. 3.29 Detuning frequency £, and the pulling frequency f,at 10GHz,-5dBm
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Fig. 3.30 Detuning frequency f,; and the pulling frequency f,at 20GHz,-5dBm
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Fig. 3.31 Detuning frequency f, and the pulling frequeney f, at 10GHz,-6.5dBm
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Fig. 3.32 Detuning frequency f, and the pulling frequency f, at 20GHz,-6.5dBm
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Fig. 3.33 Detuning frequency £, and the pulling frequency f,at 10GHz,-8dBm
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Fig. 3.34 Detuning frequency f,; and the pulling frequency f,at 20GHz,-8dBm
Figure 3.29, 3.30, 3.31, 3.32, 3.33, and 3.34 are the diagrams of

detuning frequency f,; versus the pulling frequency f, for different
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strengths and frequencies. However, it should be noted that the cavity
length drift cannot be ignored if the measurement time is too long.
Therefore in the above figures the plotted pulling frequency values may
also be offset by the cavity harmonic frequency change due to the cavity
length drift.

We have also used the pulse parameter evolution equations in
Chapter 2.4 to perform _numerical = simulation for studying the
synchronous-to-asynehronous transition and the -calculated results are

shown in Fig. 3.35.
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Fig. 3.35 Simulation results for synchronous/asynchronous transition
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Here the simulation parameters are estimated based on our 10 GHz
asynchronous mode-locked Er-fiber soliton laser and can be summarized
as follows: d; = 0.25, d, = 0.05, k; = 04, k, =01, g, =4, I, =
0.8, E, = 0.47. The normalization unit for time is 0.5 ps, the cavity
fundamental frequency is 8.3 MHz, and the mode-locked frequency is 10
GHz.

The transition from ‘asynchronous to. synchronous mode-locking
when the modulation is large-can also be seen from Egs. (3.1) and (3.2).
To the leading order, one can treat T and f as constants for simplicity.
If synchronous mode-locking is to be reached with ‘R = 0, then one has
diy

E=_R Substituting it into Eq. (3.2), the steady state value is

—R
) =
2d;+2dy

. Then for Eq. (3.1) to have a steady state solution, the

following criterion needs to be satisfied:

4.:.!,,{1+ ,EZ{T]) R
ar2(T) 2d;+2d,f

Mo

m —

(3.3)

Here M is the modulation depth, w,, = 2nf,, is the modulation

frequency, R = N(N—;—i) =fj:m and &f is equal to the detuning

frequency f;. So when |6f]| is larger than a threshold, Eq (3.3) cannot be

satisfied and thus synchronous operation is no longer possible.
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In figure 3.29, 3.30, 3.31, 3.32, 3.33, 3.34, and 3.35, the
experimentally observed trends agree with the simulation results. But in
the experimental data, the pulling frequency is offset by the cavity drift
and cannot be determined exactly. In each set of measurements the total
measurement time is approximately 30 minutes. This is why the cavity
drift cannot be ignored. But.since we now know the synchronous to
asynchronous transition trends, we can design - new experiments to
determine the transition point-more directly for.avoiding the cavity drift
effect. Basically we fix the modulation frequency around the transition
point and change-the modulation intensity to observe the transition. We
find that when the modulation strength becomes large, the original
asynchronous state is converted to synchronous. On the other hand, when
the strength becomes small it is maintained as the asynchronous state. In
this way, within a short time period we can change to different
modulation strengths to find the corresponding transition points. The

results are recorded in Table 3.2 and plotted Fig. 3.36.
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Table 3.2 Synchronous/Asynchronous transition points under different modulation

strengths
Modulation Modulation Asynchronous mode-locking
depth strength(dBm) deviation frequency f,o,, (kHz)
2.19926 -2 34
2.10754 -4 32
1.96687 -6 30
1.76107 -8 26
1.5093 -10 20

Asynchronous mode-locking deviation frequency (kHz)
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Fig. 3.36 Synchronous/Asynchronous transition points under different modulation
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strengths

Table 3.3 Synchronous/Asynchronous transition points under theoretical results

Modulation Modulation Asynchronous mode-locking
depth strength(dBm) deviation frequency f,o,, (kHz)
2.23493 -2 34
2.10346 -4 32
1.97199 -6 30
1.70906 -8 26
1.31466 -10 20
-
N /3
vy
T : ——

Fig. 3.37 Synchronous/Asynchronous transition points under theoretical results
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Next we plot the asynchronous mode-locking deviation frequency
fasye With the detuning frequency f; in figure 3.37, 3.38, 3.39, 3.40,

3.41 and 3.42. They basically exhibit a linear relationship.
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Fig. 3.38 Detuning frequency f. versus asynchronous mode-locking deviation
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Fig. 3.39 Detuning frequency f, versus asynchronous mode-locking deviation

47



frequency f,qu.at 20GHz,-5dBm
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Fig. 3.41 Detuning frequency f, versus asynchronous mode-locking deviation
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frequency f,q..at 20GHz,-8dBm
We also want to know the transition point when the asynchronous
mode-locking disappears. As in the synchronous/asynchronous transition
case, the impact of the cavity drift is not small. So we again use the same
experiment method described previously. The observed transition
deviation frequency value also has a positive correlation with the
modulation strength. The recorded data are listed in the Table 3.4 and

plotted in Fig. 3.44.

Table 3.4 Transition points when the asynchronous mode-locking disappear.

Modulation Modulation Asynchronous mode-locking

depth strength(dBm) deviation frequency fio,, (kHz)
2.19926 -2 60
2.10754 4 58
1.96687 -6 52
1.76107 -8 48
1.5093 -10 42
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Fig. 3.44 Transition points when the-asynchronous mode-locking disappear.

Under the synchronous mode-locking operation states we have also
found cases with a relatively large deviation frequency (about
170~200kHz), as shown'in Fig. 3.44. This large deviation frequency
should be due to the relaxation oscillation effects. The laser still operates
synchronously but the relaxation oscillation effects produce side peaks
similar to asynchronous mode-locking with a relatively large deviation
frequency. We have also observed cases under which the laser is
mode-locked with bound pulses, as shown in Fig. 3.45. These results
indicate that the laser also has other interesting laser dynamics to be

explored more.
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Fig. 3.45 RF spectrum of-the-laser output with large deviation frequency.
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Fig. 3.46 Optical spectrum of the laser output with bound pulses.
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Chapter 4
Conclusions
4.1 Summary

In the thesis study we have accomplished the following main
achievements:

First, we experimentally investigate the relationship among the
synchronous mode-locking, asynchronous.mode-locking, the modulation
intensity and the modulation frequency with the experimental laser
structure of hybrid active/passive mode-locking mechanism.

Second, by using the variational and numerical solution of the master
equation, we theoretically study the transition between.the synchronous
and asynchronous operation states.

Third, the experimental observations have been carefully compared
with the theoretical predictions. Good agreement has been found, which
should be greatly helpful for understanding more deeply the laser

dynamics of asynchronous mode-locking.
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4.2 Future work

The thesis has demonstrated the relationship among the
synchronous mode-locking, asynchronous mode-locking, the modulation
intensity and the modulation frequency up to 20 GHz. We are very
interested in going for even higher modulation frequencies (40 GHz or
higher). We now know the synchronous/asynchronous transition
boundary will depend on the modulation frequency. It is interesting to see
whether asynchronous mode-locking can still. work well under higher
modulation frequencies and-what are the criteria for laser design in order
to achieve asynchronous mode-locking under higher modulation
frequencies.

Recently, the asynchronous mode-locking ‘mechanism has been
applied to a Yb-doped fiber laser-with an all normal dispersion fiber
cavity and to a Er-doped fiber laser mode-locked with bound pulses. It is
also interesting to see whether the synchronous/asynchronous transition
properties can exhibit different behaviors under these different laser

systems.
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