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Abstract

Asynchronous Harmonic Mode-Locked Ytterbium DopdokeF Lasers
have many characteristics which are of great agipdin potentials in the
fields of long-distance optical communicatidsig-photonicsand ultrafast
optics. These advantages include higher super-mmgojgression ratios and
the capability of generating ultrahigh repetitiater and ultra-short pulse
trains.

In this thesis, we demonstrate for the first tigwe asynchronous
harmonic mode-locked ytterbium doped fiber lasethwihe hybrid
mode-locking technique. This is the first obsewatof the asynchronous
harmonic mode-locking in a normal dispersion fibavity. The deviation
frequency of the laser is 94 kHz and the super-nguggression ratio is
around 60 dB at the 10 GHz asynchronous harmonideAmcked state.
The super-mode suppression ratio increases aro@ndiB! than the
ordinary harmonic mode-locked state. The outputgyaw around 20 mW
operating at 1050 nm, a useful wavelength in maplieations including

bio-photonics
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Chapter 1

| ntroduction

1.1 Overview
In the 1960’s, fiber lasers were made possible dpird) the rare-earth ions
likeNd**, EF*, Tm’*into glass hosts[1.1]. In the1970’s, low-loss ogitiibers
for wide-bandwidth, long-distance optical commuftima were invented [1.2].
Pools and Mears et al. had usedHoped fibers to produce the first
erbium-doped fiber amplifie EDFA)... The EDFA becomes a fiber laser with
proper optical feedback mechanism [1.3] [1.4]. Douehe several advantages
such as high output power, high:efficiency, lessrtal problem and compact
size, the mode-locked fiber laser becomes an irapblight source for many

applications including optical communication and-photonics.

In recent years, Ytterbium-doped fiber lasers hatteacted significant
research interest due to the favorable propertiethe Yb-doped glass fibers
(good conversion efficiency, wide gain bandwidthd éarge saturation energy,
et al) , which allow generation of short optical pulseshwiery large pulse

energies or peak powers. The advance of ultrafatstsoin the last decade has



allowed us to develop lasers with a variety of deas such as ultrashort pulse
duration, high peak intensity and/or high repatitrate. Ultrashort laser pulse
trains with GHz repetition rates will be useful foany applications in research
area like optical communications [1.5], photonicitshing [1.6], and so on.
Passive mode-locked ytterbium fiber lasers can gg@ehort pulses by means
of saturable-absorption or additive-pulse mode ilggk However, their pulse
repetition rates are difficult to be higher thanGHz, limited by the cavity

length.

One of the possible methods for achieving hightrepe rate pulse trains is
the harmonic mode-locking technique: Harmonic miod&ing in ytterbium
fiber ring lasers can be achieved with nonlinedapoation evolution ( NPE)
[1.7] (passive mode-locking or EO modulation (active mode-locking .
Generally, the order of harmonic mode-locking amel super-mode suppression
ratio in passive harmonic mode-locked lasers arallsmthan active harmonic
mode-locked lasers. Thus for the generation of Vg repetition rate stable
pulse trains, active mode-locking is a very impotrtgachnique to be considered.
By including passive mode-locking mechanisms iraetive mode-locked laser,

a hybrid mode-locked laser can be built. It hasnbdemonstrated that the



technique of hybrid mode-locking can be a possiidution for directly

generating sub-ps pulses at high repetition rateés. |

Because of the optical carrier frequency sweepiffgcts caused by
asynchronous phase modulation, the noise will biteghaway. Nevertheless,
nonlinear pulses can resist this frequency shiftembloises are filtered out by
the filtering effect while the nonlinear pulses il exist in the end. By using

this effect, we can get a laser with a high rejpetitate and low noises.

1.2  Motivation of theresearch

Femtosecond fiber lasers have a lot of advantagdsthat they can be used
in many applications. First, for instance, the ogitfibers cost very little and the
components used in optical fiber system are chetyaer bulk optical system.
Second, the bandwidth of rare-earth doped fibarlean support pulses as short
as sub-picosecond and the huge saturation levadptital gain allows to
generate high energy optical pulses [1.9]. Thiede+earth doped fibers have

high optical pumping efficiency, such that highetput powers are allowed.

For ytterbium-doped fiber lasers, the gain bantlwihn support pulses as



short as 30 fs [1.10] and the optical pumping &fficy can be as high as 80%.
High output power, high peak power and excellentgroconversion efficiency
allow ytterbium-doped fiber lasers to play an inmpat role applications
including those in nonlinear optical microscopy.eThym-wavelength light
sources can be used in bio-photonics due to thesgeaent window of
organisms. These characteristic can reduce the gmeaused by lasers and
increase the transparent depth in organisms. Humtre, if we increase the
repetition rate of the light source, it is possiteenhance the sampling rate in
spatial domain or time domain_and. improve the messant resolution.
However, since the laser repetition rate is imivgydhe length of laser cavity, it
difficult to increase the repetition rate by the camenism of passive
mode-locking. On the contrary, active mode-lockiceen be much easier to
operate at high repetition rates, and we can ggtehnisuper-mode suppression
ratios by asynchronous harmonic mode-locking. Seeitan combine ytterbium
gain fiber with the mechanism of asynchronous haimenode-locking, we
should have a laser operating aroungni with high repetition rate and higher
super-mode suppression ratios. It may become aulusight source for

bio-photonics.



1.3 Organization of thethesis

The present thesis is consisted of four chaptdrapter 1 is an overview of
mode-locked fiber lasers and describes the motinair doing this research.
Chapter 2 describes the principles of different eatmtking techniques and the
results by theoretical simulation based on the enasjuation model. Chapter 3
presents our experimental setup and the obtairmdtse Finally, in Chapter 4,
the discussions and analyses of our results arsemied with future

expectations.
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Chapter 2

Theories of mode-locked fiber lasers

2.1 Mode-locking

Fiber lasers can be mode-locked passively by eifferways, include
semiconductor saturable absorbers, polarizationtiaeldoulse mode-locking
(also called nonlinear polarization rotation) ara@hlimear optical loop mirror
[2.1]. Passive mode-locked lasers can easily geneud-picosecond pulses and

high peak powers compared with actively mode-lodieet lasers.

High intensity
polarization state
Polarization

Polarizer  controller Analyzer

Low intensity
polarization state

Fig. 2.1 Mechanism of nonlinear polarization raiati



Fiber lasers also can be mode-locked actively by using acousto-optic or
electro-optic modulators to produce modulation of amplitude or phase
periodically. Mach-Zehnder integrated-optics waveguide-type modulators are

typically used for actively mode-locked lasers operated at high frequencies.

gain odulator
. € E %

C- T )

Fig. 2.2 Schematic of an active mode-locked laser [2.2]

m
-

In this thesis, our experimental setup is shown in chapter 3 and the setup

combines the both mechanisms of passive and active mode-locking.

2.1.1 Active phase modulation mode-locking

Phase modulation mode-locking is a method which modulates the phase of
optical field directly to produce short pulses. By modulating the phase of optical
field periodically, it can achieve mode-locking without changing the amplitude
of optical field. This mechanism can be analyzed both in the frequency domain

and in the time domain [2.2].



In the frequency domain, when one longitudinal mode passes through the
phase modulator, the modulated signal can be written as,
E(t) = E; cos(wot + Ay, cOS W)
Where A, is the modulation index,
w, 1s the angular frequency of the longitudinal mode,
Q,, is the modulation frequency.

It can be expanded as:

E(t) = E, z Jn(Am) cos(wot + nQpt)

where ], is the n-th order Bess¢l function. Unlimited number of sidebands
(nQ,,) will be generated after phase. modulation. These sidebands will combine
together to form a periodically pulse train in the time domain if the phases of

these modes are locked.

e’ \ /\ /

Fig. 2.3 Formulation of pulse train in the time domain
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In the time domain, the phase modulator providgdhase change for the
optical pulse. Assume the pulsewidth is much smaken the modulation
period, than the Taylor expansion of the opticahgehchanged by the phase

modulator can be expressed as,

de d?g d3¢
= —t+ —t2 4+ —1t3
¢() = @o + it T aet T e

where ¢, is only a constant phase that has no effect anagdulses.

. \J . \J .
® (t) No phase shift ® (t) Down-chirp ® (t) Up-chirp

Fig. 2.4 Sketch of phase modulation mode-lockinthextime domain

If i—‘f + 0, the phase modulator will provide a frequencytsbiithe optical
pulse. At next roundtrip, the central frequencyhaf optical pulse will be shifted

again. This process will continue until the cenfrafjuency of the optical pulse

11



is shifted out of the bandwidth of gain media ansbppears. Therefore, the
pulse only can survive Whe%ff= 0, because the central frequency of the
optical pulse experiences no change after pasknogidh the phase modulator.
For this case, optical pulses will grow in the ¢gand form a periodic pulse

train.

In fact, from the Fig. 2.4 it can be obviously eb&ed that there are two
solution states exist. In most situations, howessly one solution state is stable
- - 2 - -
in the laser cavity because the second order %té%nprowdes a chirp to the
optical pulse. Which solution state can exist ia tavity depends on the group

velocity dispersion of intracavity:.

2.2 Harmonic mode-locking

Long cavity length can reduce the fundamental Ueegy of the laser
because the fundamental frequency is in inverspgotion to the cavity length.
For fiber lasers, the cavity length usually is tehseters or hundreds of meters
such that fundamental frequency can only reach raevdHz. Harmonic
mode-locking is a method to increase the pulsetiteperate up to the order of

GHz or higher.

12



By increasing the modulation frequen¢y,, ) which is equal to the integer
multiple of the fundamental frequendyNf, ). Assume the original electric field
can be written as,

E(t) = cos 2mu,t
the fundamental frequency of the cavity can betanits,
fo = C/NesrL
where n.;¢ is the effective refract index,

and L is the laser cavity length.

The electric field after modulation can be writhes)
E(t) = (1 4+ A, cos 2nNft)E, cos 2mu,t
= E, cos 2muyt + AL Eq cos Q,t cos 2mu,t
1 1
= E, cos 2mu,t + EAmEO(cos 2nt(vg + Nfy) t + EAm cos 2m(vy — Nfy)t)
Here v, is the central frequency of the gain curve, and

A, 1s the modulation index.

At the harmonic mode-locking state, tlhg component will couple with
the sidebands separated Mf, and will form N pairs of super-modes. If one

observes a super-mode, there are N independergsptiiat are separated by

13



Tr/N in the time domain. In this way, the repetitioterancrease taNf,,.

V=aNE v -3NE p=2NE v, - N V, VotNfy NGy 3Nf y+ANG

Fig. 2.5 Sketch of the amplitude modulation modgkiog in the frequency

domain

Although harmonic mode-locking can increase thpetidon rate of optical
pulse, the output pulse train“may not be stablealmx the N pair of
super-modes in the laser cavity will compete adamtisers. Gain competition

can cause power fluctuations or super-mode noises.

14



2.3 Asynchronous harmonic mode-locking

The studied fiber laser includes the gain, optical band-pass filtering, group
velocity (GVD) , self-phase modulation (SPM ) and the phase modulation.
In active harmonic mode-locked laser, the optical modulator in the laser cavity is
driven synchronously. In other word, the modulation frequency is exactly equal

to the cavity harmonic frequency.

Soliton

A

Noise aeeeee

Soliton / \ Alasm
AWpsy

Atasn + Alsaiiton
A(')ASM + A(Usmgm

Asynchronous Soliton
Modulation

Fig. 2.6 Laser cavity with the gain, filter, GVD, SPM and the phase modulation

driven asynchronously
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However, in the asynchronous mode-locked lasers [2.3], the modulation
frequency and the cavity harmonic frequency have a small deviation frequency
from several kHz to tens kHz [2.4]. Since to the modulation signal is driven
asynchronously, the optical pulses do not always pass through at the peaks of the
modulation signal. For linear optical pulses, they will follow the asynchronous
phase modulation signal, and experience large central frequency shifts. Because
of the limitation of optical filter and the bandwidth of gain media, the linear
pulses will experience huge losses and can not exist in the laser cavity.
Nevertheless, optical pulses with nonlinear effects can resist the frequency
displacement induced by asynchronous phase modulation and achieve the stable

mode-locking state [2.5].

Optical Filter

0

Fig. 2.7 The noise-cleanup effect in the asynchronous soliton

mode-locked laser
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The mechanism explained above is similar to theecedf of the
sliding-frequency guiding filter [2.6] in the sait communication systems. The
central frequency of solitons will shift with thanation of the center frequency
of the filters in the fiber link during propagatidout the center frequency of the
linear noise keeps fixed and will be filtered oytthe sliding filters. It provides
another advantage for asynchronous mode-lockingpigaer SMSR can be
obtained, even when here is no explicit intracawipyical devices to suppress

the super-mode noises.

In the time domain, the«behavior of the pulse traperating at
asynchronous active mode-locking. is not the santle the synchronous active
mode-locking. If the laser is operating at the akyanous active mode-locking,
the pulse train will not only have linear timing Naff but also periodical
timing oscillation.

Li timi 1k-off
Synchronous mode-locking inear ming walk-o
} ( Periodical timing oscillation

+ A
|
|
|
|
|
|

—————
-—————-5

Time
Fig. 2.8 Slow periodic pulse timing oscillationagynchronous harmonic

mode-locking
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2.4  Parabolic pulse in Normal dispersion regime

Group velocity dispersion (GVD) within the laser cavity can be the
anomalous dispersion or normal dispersion decided by the fiber media and
wavelength. For the different net cavity dispersion, there are different operating
regimes [2.7].The net group velocity dispersion of the cavity can be normal or

anomalous [2.8].

Without Dispersion Map:

Soliton ANDI

. . CPO

With Dispersion Map: A
) 7" Similariton N

DM Soliton : A
A [ \
( 'd I A\ >
Anomalous GVD | Normal GVD

Fig. 2.9 Laser operating regimes according to the net cavity dispersion and the

existence of a dispersion map [2.8].

For large net anomalous group velocity dispersion, the nonlinear pulse such
as a soliton can be generated due to the balance of nonlinearity (Kerr effect, etc.)
and anomalous dispersion [2.9].The fundamental soliton can be stable at only
one particular power level pulse energy. If operating at higher power levels, the

soliton will evolve into the high order soliton, which is sensitive to perturbations

18



and will break-up through soliton fission [2.10]. ¥hthe net group velocity
dispersion approaches zero, the laser operatbe atretched-pulse state. Pulses
of the stretched-pulse lasers will breathe (dispermanaged solitons). The
too-large phase shift caused by nonlinear effeetsernlly limits the pulse
energy and peak power in the laser cavity. Forelamgt normal group velocity
dispersion, the mode-locked laser is expected twiyme stable high-energy
pulses [2.11]. The shape of the laser pulse isdbasespectral filtering of the

chirped pulse, which cuts off the temporal wingshef pulse.

For high-power pulse propagation in the normapeision regime, the
pulse can avoid from the optical wave breakingfdct, if the pulse intensity
shape is parabolic with a linear frequency ching, pulse breaking can be kept
off [2.12]. Moreover, if the ultrashort paraboliculpes propagate in a
normal-dispersion amplifier, the pulse intensitpfge will maintain, and the

pulse energy also increase when passing throughaihemedium.

We know that a mode-locked fiber laser can be desgrby the master

equation as follows [2.13]:

dW(z, T 0 U(z, T
2D Pl D e miee +isue

19



where y(z, T) is the slowly varying pulse envelope,

B, is the fiber dispersion coefficient,

v is the fiber Kerr nonlinear céfécient,

g is the amplifier distributed gain coefficient.
The optical field can be written as,

W(z,T) = A(z, T)e'*®D)

then the analytic expression for the amplitudiez, T) and phased(z,T) of
the asymptotic solutior]T| < T,,(z)) can be written as,

gz T2
T(2)

A(z,T) =Age .

A _l( gUin )1/3
" 2\\yB./2

6 2 z
Tp(z) — LZ/AOeg?
g

where U, is the input pulse energy,
A, Iis the parabolic-pulse amplitude,
T, is the parabolic pulsewidth,
¢, IS an arbitrary constant.

Then the analytic expression for the amplitudlg(z, T) and phased,, (z,T)

20



of the asymptotic solution (|T'| = T, (z)) can be written as,

Y(z,T) = A, (z, T)e!®w®D

A 0 9z _Am
A,(z,T) =—=cz2e "z
Vz
ﬁzAz T2

®,(2,T)= -

where A,,, and Aare determined numerically for particular initial conditions,
Pwo 1s arbitrary constant.

The frequency chirp of pulse envelope can be written as,

do(z,T)

N(zT)=— o7

_______________ do, /dT
d0/dT= g/3p, =1/pz |

(L 2)udnyy

Linear
—

Intensity | ¥ (z, T)|2

Az, T)
—

T T T T T T T T T T

T -T
@) Time o

Fig. 2.10 Property of general similariton. Top: parabolic intensity profile (left

axis) and linear chirp (right axis ). Bottom: the intensity profile on a logarithmic

scale [2.13].
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At the central of the pulse, the intensity profdeparabolic and has the
linear frequency chirp. Moreover, we can obviousbgerve that the frequency
chirp is independent of propagation distance atcth@ral of the pulse and the
frequency chirp can be written as,

Az T) = B%T
The chirp property of propagation distance indepewd is a good characteristic

for optical compressor, because we can easily detfig pulse compression

system to eliminate the linear chirp of the pulse.

Another characteristic of similariton is that theolvement of the pulse is
different from the soliton pulse when propagatianan amplifier. Soliton can
only by stable at a particular power level, or il wecome higher order solitons
with higher power levels. However, when propagatmghe gain medium, the
amplitude and pulsewidth of the similariton wilkcnease without changing the
intensity temporal profile of the pulse. This digpilishing feature allows

similariton be amplified easier than the solitoril{d.
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2.5 Simulation

In general, the mode-locked laser dynamics candseribed by a master
equation when the pulse round trip change is sridé master equation of
asynchronously mode-locked fiber laser can be destras follows [2.11]

[2.15]:

alL(T, t) Yo . 0%u . 2
or ([ e~ oY (dr +Jdo) Gz + Uer + k) [ul"u

Es

+ jM cos[w,, (t + RT)]u

Hereu(T,t) is the complex field envelope of the pulse,
Jo is the unsaturated gaitk,is the gain saturation energy,
l, is the linear loss,
d, represents the effect of the optical filtering,
d; is group velocity dispersion,
k, modelocking (P-APM),
k; is the self-phase modulation coefficient,
M is the phase modulation strength,
w,, 1S the angular modulation frequency,

t is the time axis measured in the moving frame agagting at a specific
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group velocity along with the pulse,
T is the number of the cavity round trip,
R is the linear timing walk-off per roundtrip due asynchronous phase

modulation, which can be expressed by [2.16]:
1 1 ) of

R=N(5m=7) =7

Here 6f is the deviation frequency between the N-th caviigrmonic

frequency Nfr and the modulation frequends,.

We have solved the master equation by the methdiditd difference. The
asynchronous harmonic mode-locked laser paramaterdetermined based on
our past experiences and the parabolic pulsess@@ as the initial conditions.
The evolution of the propagated pulse is shownign E11. From Fig. 2.11, it is
clear that a steady state solution has been fooddlse pulse timing position

variation due to asynchronous mode-locking can laésolearly seen.
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Fig. 2.11 Evolution of pulse intensity profile

We can observe from the above figures that the pulse exhibits the slow

periodic variation at the deviation frequency as shown in Fig. 2.11.
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Chapter 3

Experimental setup and results

3.1 Experimental setup
The schematic setup of our asynchronous harmonic mode-locked ytterbium

doped fiber laser with the ring cavity is shown in Fig. 3.1.

2.9m Yb Fiber
Isolator -
Coupler Polarization Polarization
Controller Controller
20%| \80% LiNbO
’ \_OCXE_ Polarizer Fl’hase3 (X X))

Modulator

Laser Output

Fig. 3.1 The experimental setup.
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Two laser diodes with the 976 nm central wavelengitised to pump the
2.5 m long Yb-doped fiber ( Nufern SM-YSF-LO) , which acts as the laser
gain medium, through a wavelength-division multiihg (WDM ) coupler. The
output coupler is located behind the Yb-fiber imerto getting the greatest
output power. The coupling ratio is 20/80 so thet coupler will couple 20%
power of laser cavity as laser output. An isolatothe ring cavity is to ensure
the pulses propagate in only one direction. ThebldNphase modulator in the
ring cavity is used to achieve actively harmoniaewocking by EO effect. The
average cavity length is estimated.to be 23.1 ma.dévices that have been used

in the fiber ring cavity are listed in table 3.1.
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Device

Specification

Single Mode Fiber @
1060nm

(HI1060)

Attenuation (dB/km) : 2.1 @ 980 nm ,1.5 @ 1060 n

Dispersion (ps/nm/km) : -53 @ 980 nm ,-38 @ 1060

m

nm

Ytterbium-Doped Fiber

(Nufern SM-YSF-LO)

Core absorption(dB/km) : 80@ 980 nm

Dispersion (ps/nm/km) : -37 @ 1060 nm

LiINbO3; phase modulator

Insertion loss(dB) : 1.7
RF V. (@ 1 GHz, \Volts) : 3.0

Polarization crosstalk(dB) : 18

Polarization Independent

Isolator

Isolation(dB): 40.0

Insertion loss(dB): 1.51

WDM Coupler(980/1064

Isolation(dB): 26.0 @ 980 nm ,23.3 @ 1060 nm

-]

nm) Insertion loss(dB): 0.3 @ 980 nm ,0.24 @ 1060 nn
Coupler Splitting ratio : 20/80 @ 1060 nm
Extinction ratio (dB) : 28
Polarizer

Isolation(dB) : 0.45

980nm Pump Laser

Maximum output power(mW): 450

Table 3.1 The devices in the fiber ring cavity
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3.2 Harmonic mode-locking results

From section 2.2, we know that if the modulatiognsil is equal to integer
multiple of the fundamental frequency, pulse trainth a higher repetition rate
than the fundamental frequency can be generatdtiebjaser system. Base on
the experimental setup shown in the section 3.1,cese drive modulation
frequency in the laser cavity synchronously so tira¢ can achieve harmonic

mode-locking.

The fiber type in the fiber laser cavity can beidiad into two parts : the
single mode fiber ( HI 1060) length is about 20.6 meters and the
ytterbium-doped fiber length is about 2.5 metetse Total length is 23.1 meters
for this cavity. So the fundamental frequency of taser is estimated to be
f, = ¢/nL = 8.67 MHz. The net cavity dispersion is around 0.7113 e
bi-directional pumping is utilized in the setup aaldout 275mW of 976 nm
pumping power is used in the laser. A synthesigausied to generate the RF
driving signal which is then amplified to 30dBm. él'klectrical driving signal
for the phase-modulator is provided by a microwaignal generator (R&S

SMR40) and amplified by a power amplifier (Agilé38017A).
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First, we can drive the phase modulator at the tadidn frequency
1.0005867 GHz, and the laser was perfectly modecbavith the several times
of repetition rate around 1GHz. In this case, #eet is driven by bi-directional
pumping and the pumping power is around 175 mW.nTe can adjust the

polarization controller to achieve mode-locking.

|ntensity(dBm)

0 L . L . L .
1045 1050 1055 1060
Wave Length (nm)

Fig. 3.2 The optical spectrum of the laser output
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Fig. 3.5 1 GHz pulse trains by the 20 GHz fast damgmwscilloscope

For this case, the bandwidth of the optical speetis around 2.52 naFig.

35



3.2) . In the RF spectrum, the noise floor is high. duld be caused by the
super-mode noises since the super-mode supprasdions around 20 dB as
illustrated in Fig. 3.4. This large super-mode aomay be due to the gain

competition caused by unwanted harmonic modes.

Moreover, we also can drive the laser around 5 Gifd, the precise pulse
repetition rate is 5.028742 GHz. In this case, ld®er is also driven by
bi-directional pumping and the pumping power isua 175 mW. One can

observe that the bandwidth of optical spectrum&8a nm.

Intensity(dBm)

'70
1045 1050 1055 1060
Wave Length (nm)

Fig. 3.6 The optical spectrum of the laser autp
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Fig. 3.9 5 GHz pulse trains by the 20 GHz fast daigpscilloscope

For this case, the bandwidth of optical spectrurar@ind 1.636 nnf Fig.
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3.5) . In the RF spectrum, the noise floor is lower tlmavious case. The

super-mode suppression ratio is around 30 dB

Moreover, we drive the phase modulator around 1&,Gitd the precise
pulse repetition rate is 10.005937 GHz. In thisecdise laser is also driven by
bi-directional pumping and the pumping power isuaicb 175 mW. We then

adjust the polarization controller to let the lagehnieve the mode-locking state.

|ntensity(dBm)
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Fig. 3.10 The optical spectrum of the laser output
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Fig. 3.13 10 GHz pulse trains by the 20 GHz fast@ang oscilloscope

For this case, the bandwidth of optical spectrurar@ind 1.677 nnf Fig.
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3.10) . In the RF spectrum, the noise floor is lower thmavious case. The

super-mode suppression ratio is still around 30 dB

In summary, although the repetition rate can irseda the order of 10 GHz,
the super-mode noise in the synchronous harmonaeraxcked laser is pretty
large due to the gain competition between many rsoqoeles in the ytterbium
gain spectrum. Super-mode noises may cause uniagfi@i intensity of pulse
train in time domain, and generally it is hard sduce them for harmonic
mode-locking. In these three harmonic mode-lockaesks, we can observe the
pulse train signal on the 20 GHz fast sampling llescope. However, we can
not see the signals on the autocorrelator. This rnaybecause that the
pulsewidth of these cases are too large to detect dutocorrelator due to too
low peak power. For most of applications in thédfseof optical communication
or bio-photonics, un-equalized intensity and lagesewidth is not a good
characteristic. So in next section, we will demaoatst of an asynchronous

harmonic mode-locked ytterbium laser with much $enauper-mode noises.

40



3.3 Asynchronous har monic mode-locking results

In section 3.2, we have demonstrated that the ¢r@icymode-locking can
be achieved in this experimental setup. Howevetha@aharmonic mode-locking
operation state, the super-mode suppression raticelatively high. In this
section, the experimental results of asynchrona@rsbnic mode-locking will

be presented.

Form section 2.3, we can predict that the supetenooise can be
suppressed well at the asynchronous. harmonic nomdénly operation state.
Compared with harmonic mode=locking, asynchronasnionic mode-locking
has an additional deviation frequency between tloglulation frequency and
cavity frequency. The optical pulses do not alwpass through at the peaks of
the modulation signal. The linear noises will falldhe asynchronous phase
modulation signal and shift the central frequerinoythe way, the super-mode
noises can be suppressed successfully. The freguahchift out of the filter
bandwidth. Because of the limitation of opticaleffland gain bandwidth, linear
noises will experience huge loss and will be sugged in the laser cavity.

Nevertheless, nonlinear optical pulses will stathm laser cavity stably.
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So we will generate pulse trains by asynchronoumbaic mode-locking
and observe whether the super-mode suppressianafathe laser is increased
or not in this section. In our prediction, the adynous harmonic
mode-locking should suppress the super-mode modetla@ noises will be

smaller than harmonic mode-locking.

As first step, we asynchronously drive the EO matiul around 5.002753
GHz. By detuning the modulation frequency with aammount of kHz and
adjusting the polarization controllers; we can achia stable mode-locked state.
In this case, the laser is only driven by the fodvaump and the pumping

power is 175 mW.

I ntensity(dBm)

0 N 1 N 1 N 1 N 1 N 1
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Fig. 3.14 The optical spectrum of the laser output
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oL Deviation Fruquency ~ 57 kHz
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Fig. 3.15 The RF spectrum with span = 500 KHz, ltegm bandwidth = 3 kHz
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Fig. 3.16 The RF spectrum with span = 50 MHz, nesmh bandwidth = 10 kHz

In this case, the laser is operated at the asynohsb harmonic

mode-locking state due to the asynchronously dyiohthe phase modulator.
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From Fig 3.15, one can see the RF spectrum ofgiecAronous mode-locked
laser with the deviation frequency around 57 kHzergfore, from Fig 3.16, we
can obviously observe that the super-mode noisasbeasuppressed as our

prediction, and the super-mode suppression rahieaed is around 75 dB.

|ntensity(dBm)
A

0 2 4.6 8 10 12
Frequency (GHz

Fig. 3.17 The RF spectrum with span = 12 GHz, t¢goi bandwidth = 300

kHz

We can obviously observe that the super-mode sspfmn ratio does
increase very much than the previous 5 GHz syndu®nharmonic
mode-locking cases. Fig 3.17 is the RF spectrurn spain from DC to 12 GHz,

and the super-mode noise is pretty good. The supele suppression ratio is

around 60 dB as before.
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Fig. 3.18 5 GHz pulse trains by-the 20 GHz fastdamg oscilloscope

Fig. 3.18 is the 5.0028308 GHz pulse trains detetty the 20 GHz fast
sampling oscilloscope in the time domain. The puigth show on the machine
is about 50 ps, which is the resolution limit of ttast sampling oscilloscope we
use. From the resolution limit of the oscilloscaiee tracing, we can know that
the real pulsewidth should be shorter than 50 pthéen5 GHz asynchronous
harmonic mode-locked case. The real pulsewidth éterchined by the

autocorrelator.
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Fig. 19 SHG intensity autocorrelation tracesolid curve) of 5 GHz pulse train
and the fitting curve (open circles and open trianglesof the laser output,

assuming Seéhand Gaussian pulse shape.

The solid curve in Fig. 19 is the fitting of the GHintensity autocorrelation
trace with the assumption of Sé@nd Gaussian pulse shape, and the FWHM of
the SHG intensity autocorrelation trace is 22.2627f the autocorrelation trace
is fit with Sech and Gaussiaprofiles respectively, the inferred pulse durations

are 14.4563 ps and 16.4499 ps.
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We then drive the phase modulator at 10.005897 .Gz GHz is the
bandwidth limit of our modulator, so we can not ighe at higher frequencies
unless we change another modulator. In this chselaser is also driven by
bi-directional pumping and the pumping power isuawb 175 mW. By adjusting
the polarizers, we not only can achieve the modkdd state but also can find
an operating point that has less super-mode ndideseover, Fig. 3.2&hows

that the 3dB bandwidth of the optical spectrum.iSInm.

|ntensity(dBm)
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Fig. 3.20 The optical spectrum of the laser output
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Fig. 3.22 The RF spectrum with span = 50 MHz, netsmh bandwidth = 10 kHz

For the illustrating case presented in Fig. 3f&#n the RF spectrum of the
output pulse train. It can be seen that the sumslensuppression ratio in the RF

spectrum is as high as 53dB. It is still much bdtian the case operating at the
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synchronous mode-locked state. The 1166th harmoaigty frequency is

10.005729 GHz, and the modulation frequency isA%8@3 GHz. The detuning
between the modulation frequency and the cavitynbaic frequency can be
clearly observed through the beating signals, ththspectral spacing equal to

the frequency deviation of 94 kHz.

Intensity(dBm)

10 15 20 25
Frequency (GHz

-110 : '
0 5

Fig. 3.23 The RF spectrum with span = 25 GHz, t¢gni bandwidth = 300

kHz

Fig. 3.23shows the Rf frequency components from DC to 25GMz.can

observe that there are two peaks caused by thati@peate of the pulse train.
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The noise floor of this asynchronous state is lotlvan all previous synchronous

cases, and it is lower about 20 dB if compared wh#h 10 GHz synchronous

cases.

=
o

Intensity(A.U.)
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0 100 200 300 400 500
Time (ps

Fig. 3.24 10 GHz pulse trains by the 20 GHz fast@ang oscilloscope

Fig. 3.24 is the 10.005729 GHz pulse trains detkebte the 20 GHz fast
sampling oscilloscope in time domain. The pulselwishow on the machine is
about 20 ps, which is below the resolution limitfast sampling oscilloscope.

The real pulsewidth is determined by the autocatoel
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Fig. 3.25 SHG intensity autocorrelation trace - ( solid curve ) of 10 GHz pulse

train and the fitting curve (open circles and open triangles ) of the laser output,

assuming Sech” and Gaussian pulse shape.

The solid curve in Fig. 25 is the fitting of the SHG intensity autocorrelation
trace with the assumption of Sech® and Gaussian pulse shape, and the FWHM of
the SHG intensity autocorrelation trace is 9.1405 ps. If the autocorrelation trace
is fit with Sech® and Gaussian profiles respectively, the inferred pulse durations

are 5.9354 ps and 6.8292 ps.
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As a summary of the results, the super-mode sapiane ratio is around 20
dB for synchronous harmonic mode-locking, and 50 foB asynchronous
harmonic mode-locking. Therefore, if the laser pemting at the asynchronous
harmonic mode-locked state, we should be able tongieh higher super-mode
suppression ratios than operating at the synchsor@rmonic mode-locked
state from previous sections. Moreover, the noiserfof the asynchronous
harmonic mode-locked case is lower than the symdu® harmonic
mode-locking too. And the output power of asynclrm harmonic
mode-locking is around 20mW. Furthermore, in theetdomain, the pulsewidth
of 10 GHz synchronous harmonic mode-locked statebeashort as 5.9354 ps
(Sech Fit) and 6.8292 ps (Gaussian Fit). However, weenhss a disadvantage
in which the optical bandwidth of the asynchronbaemonic mode-locked state
is smaller than the synchronous harmonic mode-idtate. It means that the
transform-limited pulsewidth will be larger in thiexperimental condition.
However, the pulsewidth of the synchronous harmamicle-locked state is too
large to be detected from autocorrelator while #synchronous harmonic
mode-locked case can be detected. It may be bedhasdahe pulse in the

normal dispersion region has larger chirp as welhgge pulsewidth.
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Chapter 4

Conclusions

4.1 Summary of achievements

In summary, we have for the first time successfulgmonstrated an
asynchronous harmonic mode-locked ytterbium dopmet faser with 10 GHz
EO phase modulation. The asynchronous harmonic +ioe#ted ytterbium
doped fiber laser can stably work in the normapeision region. We find that
the asynchronous mode-locking mechanism can ngtexst in the anomalous
net dispersion regionas in the previously studisynahronous harmonic
mode-locked erbium doped fiber soliton lasers bsw @an work in thenormal

dispersion regime such as ytterbium doped fiberlas

Secondly, from the experimental results, we carendes 10 GHz stable
ps-order pulse trains with good super-mode supjoresatio (60 dB) . The
laser is operated about 1050m with a deviation frequency about 94 KHz and

output power about 20 mW.

Thirdly, the optical bandwidth in asynchronous hanim mode-locking is
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smaller than at the synchronous harmonic mode-tbakgeration state. The
result reveals the effective nonlinearity may bealden in the present
asynchronous harmonic mode-locking case. The réattewill be found by

further experiment.

Finally, theoretical simulation based on the mastgration model has also
been carried out to prove the existence of asymdu® mode-locked steady
state solution. These results indicate the existef@ totally different operation
regime of asynchronous harmonic.. mode-locking andy rba useful for

constructing higher repetition rate mode-lockednium doped fiber lasers.

55



4.2 Futurework

This thesis has successfully demonstrated the raghtition pulse trains
with center wavelength about 1050 nm. However, & ehange the pumping
power condition into higher power, there are CW ponents built up. These
unwanted components will have bad effects for tloeledocking. Therefore, in
the future work, we may be able to use the band-plsr to suppress the CW
components when the laser is operated in the highppg powers. Then, we
can obtain higher output powers. The laser is silggposed to operate at much

higher repetition rates with another..modulator tbah be operated at higher

frequencies.

CW components

| ntensity(dBm)

1040 1050 1060 1070 1080
Wave Length (nm)

Fig. 4.1 The CW components when the laser is opénatthe high pumping

powers.
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