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Student: Je-Yen Huang Advisor: Prof. Yung-Fu Chen
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National Chiao-Tung University

Abstract

An Yb doped large-mode-area (LMA) fiber with a core diameter of 30 pm and
an inner cladding diameter. of 250 m, and.'an Er/Yb codoped fiber with a core
diameter of 25 um and an inner ¢ladding diameter of 300 pum have been used for
researching in development of high power fiber lasers. Firstly we demonstrated
tunable and narrow linewidth Yb and Er/Yb fiber lasers by use of thin film
narrowband filters. Afterwards we have demonstrated passively and actively
Q-switched fiber lasers. By use of Yb doped fiber as the gain medium, we have
obtained passively Q-switched fiber lasers by employing a Cr*":YAG crystal and an
AlGalnAs semiconductor material as saturable absorbers respectively. The results
revealed that with a Cr:YAG as a saturable absorber in a diode-pumped Yb fiber laser,
the laser could generate a pulse energy of 350 uJ at a repetition rate of 38 kHz. For
the use of AlGalnAs based saturable absorber experiment, we have realized a pulsed

laser with 450-puJ pulse energy and can be operated at pulse repetition rate of 5~30

il



kHz. The pulse train is very stable of ~10% fluctuation. Besides, we also obtained a
passively Q-switched Er/Yb codoped fiber by means of another AlGalnAs
semiconductor saturable absorber. Greater than 0.1 mJ of pulse energy at a repetition
rate of 12 kHz was generated. Finally in the actively Q-switched fiber lasers, by
enhancing the loss modulation of the active Q-switch (acoustic-optical modulator), we

have obtained pulse of 600-pJ pulse energy and 42-ns pulse width.
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Chapter 1  Introduction

1.1 Overview of fiber lasers

1.1.1 Progress of fiber lasers

The first fiber laser was proposed and invented by Snitzer [1,2] at 1961, one year after
the birth of the first laser. The 1% fiber laser used a neodymium doped fiber and was
pumped by a flashtube. However the pump scheme possessed low efficiency and was
improved a decade later by Burrus and Stone who employed a laser diode as a pump
source at 1973 [3]. Another important milestone is the technique of modified
chemical vapor deposition (MCVD) by.Poole et al., allowing the fabrication of
low-loss rare-earth doped silica fibers [4]. Tworyears later Payne et al. also
demonstrated the first erbium doped fiber. amplifier [5].

EDFAs induced widespread interest due to.the gain region of erbium ions match
the wavelength of optical communication, ie. 1.5 pm. Afterward tremendous
researches and developments  in. EDFAs made long haul optical communication
inexpensive and reliable and thuspush ahead the.development of telecommunication
systems. Besides, the development of EDFAs'also promoted the growth of novel laser
diodes and fiber components. In addition to the telecommunication, power-scaling
fiber lasers have also been developed and fabricated well owing to the invention of
double clad fiber [6] and rapid progress in high power laser diodes. Since then many
high power fiber lasers were developed, mostly with Neodymium and Yb doped
fibers. Nd*" ions have the advantage of a 4-level pumping system resulting in a low
lasing threshold and have been utilized as an active ion in bulk solid state lasers [7-9].
The first Yb doped fiber laser was demonstrated by Etzel et al. [10], however they
attracted less attention then cause of the pumping scheme of an Yb*" ion is a 3 or
quasi 3 systems, which demands higher threshold than a four one. Nevertheless thanks
to their simple electric energy level and lower quench effect [11], Yb doped fiber

lasers provide higher power conversion efficiencies in heavily doped scale and thus



emit larger output powers. Therefore Yb doped fibers have been employed as the gain
medium in many high power fiber lasers and high power amplifiers. Recently many
high power fiber lasers of hundred watts and even kW-level with excellent beam
quality were reported [12-14]. High brightness lasers provide more extensive
applications such as wielding, cutting, and scanning. The progress of fiber lasers and

fiber amplifiers are fast and steady and many commercial products are available now.

1.1.2 Double-clad fibers

In the 1980 single-mode fibers could only be pumped by the single-mode pump
sources such as Ti:sapphire solid-state lasers and single-mode laser diodes. The low
output powers of the pump sources restrain the power-scaling of fiber lasers. The
solutions to the challenge are to develop single-mode pump sources of higher power
or fabricate a single-mode fibet. allowmg pumiped by multi-mode sources. A
breakthrough was done by Elias Snitzer’spdeseribing the cladding-pumped lasers in
1988 [6]. As shown in Fig. 1.1, he invented a double clad fiber which constrains the
pump light by the refractive index difference of 1** cladding and 2™ cladding instead
of that of core and cladding in singlé-clad fibers. The numerical aperture of the 1*
clad could be designed to as large“as >0.46 to support low-bright but high-power
pump source. At the same time the core-isstill single-mode and the output radiation
possesses high brightness. Therefore double clad fiber (DCF) is an excellent
brightness converter which not only allows the use of high-power pump sources such
as multi-mode diode arrays, but also radiates single-mode output.  The outer
cladding and the core are usually made of silica while the outer cladding is composed
of low refractive index polymer. DCFs are easily fabricated and are commercially
available for very high power scale.

However, as the ratio of the diameter of clad to core gets larger, the mode
overlapping efficiency as well as the pump absorption gets worse. Consequently a
longer or heavily-doped fiber is needed to achieve an efficient fiber laser. The doping
concentration is about hundred to thousand ppm restrained by the quench effect of
dopants and the length of fiber is restrained by the background loss and nonlinearity.

Besides, ingenious clad-design could increase the interaction between the pump light

2



and the doped core to enhance the absorption. There is a variety of designs of
double-clad fibers. The design criterion is to reduce symmetry of inner-cladding to
eliminate whisper-galley mode. For example, Fig. 1.2 shows the common design of
DCFs. Fig. Fig.1.2 (a) shows a skew or whisper-galley mode formed in circular
cladding while (b) to (e) shows the elliptic, square, D-shaped, off-centered cladding.
The modes are high-order Bessel functions and less occurring at the center. One
improvement to enhance the absorption is to bend the fiber to mix up the modes. The
symmetry-broken core would induce the interaction of clad mode with the core
directly due to the chaotic-like trajectory of wave. The properties of beam
confinement combined with excellent heat dissipation make double-clad fiber lasers
superior to conventional bulk solid-state lasers with regard to high-power applications

in continuous-wave as well as in Q-switched operation.

core
1st cladding

pump

2nd cladding

Fig. 1.1. Double-clad fiber structure. Pump light is injected into the 1% cladding and confined

between 1% and 2™ cladding while signal propagates in the core.

(@) (b) (© (d) ()

Fig 1.2. Different cladding design of DCFs. (a)~(d) are elliptic, square, D-shaped, and

off-centered cladding while; (e) is a circular cladding.



1.1.3 Pumping schemes

The injected pump power usually determines the performance of a high-power fiber
laser. The injected pump power is mainly depends on the pump schemes and can be
divided into two categories: The end-pumping and side-pumping. They are
distinguished from the point of DCFs injected of pump light. Below are several

reported pumping schemes including the side-pumping and the end-pumping scheme.
Side-pumping scheme

Side-pumping means injecting the pump light along the side of the DC-fiber
and therefore it leaves the fiber ends free for the access of the signal. These
techniques are also called the notch coupling because of the coating and the clad at
the injection have to be eliminated. They include the V-groove pumping [15],
pumping with angle-polished fibets [16], microprism coupling [17], grating coupling
[18], and embedded-mirror side-pumpingf 19].

V-groove coupling: “N-groove is formed on the side of DCF where the coating,
outer clad and some of the inner clad is-temoved. Pump light is coupled through
reflection on the V facet. «The coupling.efficiency is typically higher than 75%. This
technique has the advantageé to be compact and few diodes can be launched at
different points along the fiber length. The-main drawback is that the groove weakens
the fiber results in a loss.

Pumping with angled-polished fibers: a multimode angle-polished or tapered
fibers connected onto the side of the DCF where the coating and outer clad is
removed. This fiber could be embedded with an index matching gel or directly fused
to the DCFs. The coupling efficiency could be up to 90% nevertheless there are no
reports that lasers by this method radiate output power higher than 1 W.

Micro-prism coupling: Like the method above, this approach utilizes a micro-
prisms instead of a multimode fiber to couple pump light into the DC fiber. Here the
prism also contacts the inner clad by an index-matching gel. The main drawback is
the difficulty in fabrication of the micro-prism.

Grating coupling: A binary grating is settled by the inner clad of a DCF.

Incident pump light is diffracted into positive and negative order by the grating and
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propagating inside the clad if the incident angle is higher than the critical angle. Herda
showed that the only TM polarized pump light could raise the coupling efficiency up
to 57% owing to the polarization-dependent diffraction and the pump power was also
limited by the index matching gel [18]. Zhang et al. recently theoretically showed
that a maximum coupling efficiency is up to 94.7% with a TE polarized pump light or
93.94% with a TM one by use an “asymmetric dual-side-grating” and 72% with an
un-polarized pump light by a “double-groove and two-depth dielectric transmission
grating” in a multi-point pump scheme. However, to my best knowledge there are no
stirring experimental results better than Herda’s record.

Besides, there are also other ingenious methods called co-linear coupling which
injects pump light through side fiber in optical contact with the inner cladding of the
active fiber. For example, the GTwave developed by SPI [22] and a novel method
created by Peterka et al [23]. The former 1s to lainch pump light into many passive
fibers which are wound arotnd ‘an active fiber thus .the pump is transferred to the
active fiber. The later is similar to the former except it uses two passive fibers fused
with the DC fiber at end facet."One is for transmitting the pump and the other is for
signal. Both of them obtain high Coupling. efficiency” and the former has been

employed in commercial products.

End-pumping scheme

Lens-coupling: Lens-coupling is the simplest method the couple the pump
light directly into the inner cladding of the active fiber using free-space coupling optic.
It is easy to implement in an experimental setup and the coupling efficiency is
generally up to 70%~80% as long as the beam quality of the pump light is sufficient
high. This method is very simple and flexible to various fiber-coupled laser diodes.
Especially they can couple the pump light of diode bar or diode stack into an active
fiber to scale the output power. For example the reported fiber laser of highest CW
output power up to 1.36 kW was pumped by this method [13]. However this coupling
scheme requires precise and stable alignment therefore lens-coupling is preferred as
the laboratory pumping scheme.

Tapered fiber coupling: Direct fusing the active fiber with the injecting fiber
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possesses the merit of robustness. This method requires the NA and the diameters of
the injection fiber and the DC fiber matching each other, however the cladding of a
coupled fiber of a high-power laser diode are usually larger than that of the active
fiber. A tapered or flared fiber is therefore introduced to connected two un-matching
fibers. A conical shape at the end of a passive or active fiber enhanced the pumping
efficiency even pumped by low-brightness LDs. Recently Filippov et al. [20]
proposed a tapered DC Yb doped fiber, owning a gradual-varying core and cladding
diameters, at the wide part of the tapered fiber are 27 and 834 um respectively; at the
narrow part are 5.8 and 177 pm. The fiber could be pumped by a pump source with
BPP of 300 mmxmrad and the highest output CW power was 212 W.

Fiber bundles coupling: This technique is associated with coupling via many
pump fibers and developed by DiGiovanni et al. at 1999 [21]. A DCF without outer
clad is wound by several multimode fibers as a fiber bundles. The multimode fibers
are spliced and tapered to match the crossisection of the DC fiber. The bundles allow
consisting of a single-mode¢ fiber for aceessing a signal of'the DC fiber. This approach

is rugged and convenient in commercial and industrial applications.

1.2 Motivations

To date the highest power of continuous-wave fiber laser is up to kW with multimode
output [12, 24] and single mode output [14]. They have many applications in
industry and potentially as laser weapons. On the other hand there are other
applications such as medical lasers, micro-machining, or laser radar require
mid-power-scale (dozens of watt) or pulsed laser. Consequently high-pulse-energy
pulse from fiber lasers [25] and fiber amplifiers [26] demonstrated by Q-switching
operation or by master oscillation power amplifier (MOPA) have attract much
attentions as well. The performance of a pulsed laser is determined by the doping
concentration of active fiber, the lifetime of doped rare-earth, and the fiber core area.
The higher energy of a pulse requires a larger mode area. Therefore the
large-mode-area (LMA) fibers are suitable for this purpose because their core owns

the merits of large size ( diameter > 15 um ) and low NA (< 0.07). Besides, a large



mode-area also reduces the nonlinearity such as SBS or SRS effect. Consequently
cladding-pumped LMA fiber lasers are no doubt potential and practical laser sources.
Furthermore there are many techniques and experiences in crystal lasers are practical
and can be merged with fiber lasers. Therefore this thesis is motivated mainly by
combining the techniques of crystal lasers with cladding pumped Yb*" doped and

Er’’/Yb*" codoped LMA fiber lasers. Below are the researches in this thesis

1.2.1 CW tunable Yb-doped and Er/Yb codoped fiber lasers

Tunable narrow linewidth laser sources have potential applications in dense
wavelength-division-multiplexed (DWDM) systems, nonlinear = wavelength
conversion, and medical instruments. Fiber lasers are one of the promising sources
owing to the advantages as mentioned before. The rare earths ions Yb’" and Er'"
radiate broadband linewidths. Although the broadband emission provides fiber lasers
with adequate flexibility in‘operating wavelength, it7is indispensable to develop a
practical method for selecting and narrowing the lasing wavelength. The current
approaches for wavelength selection can be categorized into two groups: one is to use
an in-fiber Bragg grating (FBG) [27;28].and.the other is'to use an external feedback
cavity with a wavelength selector.

Although FBGs can be fused to the-active ‘fiber to obtain narrow line width
operation without the need for alignment, it is difficult to splice FBGs to LMA fibers
[29]. So far narrowband LMA fiber lasers are most realized with an external feedback
cavity containing a replica diffraction grating [30, 31] or a volume-Bragg-grating
(VBG) [32, 33]. The approach with a diffraction grating has the attraction of a wide
wavelength tuning range; however, it usually requires a complicated and bulky
external cavity to obtain a large spot-sized collimated beam for high diffraction
efficiency. Recently, an alternative component for wavelength selection in an
external feedback cavity is to use VBGs that are holographically produced 3D bulk
grating and are used in a variety of lasers for spectral narrowing. Even so, it is still
desirable to develop relatively inexpensive and simple methods for tunable narrow
linewidth fiber lasers. In this section I proposed a wavelength selection technique by

an all-dielectric coated Fabry-Perot (FP) bandpass filter formed by a space region
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sandwiched between two highly-reflecting multilayer stacks deposited on a glass
substrate. They are well-developed and inexpensive, e.g. WDM systems are mostly
realized with the FP bandpass filter. Nowadays the thin-film FP bandpass filters with a

bandwidth of 50 GHz are commercially available for WDM applications.

1.2.2 Actively Q-switched fiber lasers

Q-switched fiber lasers are developed rapidly owing to Q-switching is an efficient and
simple technique to generate high energy pulse lasers. Controlling the Q-value of a
cavity would allow the oscillator to store higher gain than CW regime and can emit
higher energy in a short duration. In the active Q-switching, electro-optics (EO) [34],
acoustic-optics (AO) [25], or mechanical [35] modulators are used for Q-switching.
Photonics crystal fibers with large mode area have also been invented to achieve
high-power Q-switched lasers with short pulse durations [36]. It is noted that stored
gain of a gain medium depends on therlow=Q-interval, meaning there is a trade-off
between extractable pulse energy and thepulse repetition rate.

To date the highest sreported un-amplified pulse energy in a Q-switched fiber
laser is 7 mJ at pulse repetition fate’0f 500 _Hz by using an AOM modulator and a
LMA fiber with core size of#60 pwm T25]. However the pulse repetition rates in many
mJ-level reports are nearly 1 kHz or-even lower, which somewhat limits their
applications. Besides, the pulse energy might be overestimated due to the repetition
rate is close to the recovery time of laser upper level, i.e. much amplified spontaneous
emission (ASE) would exist and result in unstable pulse output, average-power loss
and misunderstanding in determining the pulse energy. On the other hand the most
popular method in active Q-switching is to feed back the periodic deflected beam
from a Bragg-type acousticoptic modulator to prevent the pre-lasing or parasitic
lasing resulted by the residual undeflected beam at low repetition rate. However the
deflected beam is 85% at most of the incident beam leading to a power-wasting.
Consequently, in addition to the Bragg-type one, I attempted to Q-switch a LMA
ytterbium doped fiber (identical to the above) actively by a Raman-Nath type
acousticoptic modulator which diffracts incident beam into several order beams.

Although they can only be used for reflecting the un-diffracted beam (i.e. pre-lasing
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might exist at low repetition rate operation) they can really avoid power loss at most
repetition rate. Besides it is cheaper and small compared with the Bragg-type one to

simplify the cavity design.

1.2.3 Passively Q-switched fiber lasers

Asides from the active Q-switching, passive Q-switching is modulated by a saturable
absorber (SA) and the pulse performance is related with modulation depth of the SA.
Passive Q-switching is attractive for its simpler, inexpensive, and compact setup due
to removal of external electronics. All-fiber passively Q-switched fiber lasers are
realized by fusing the gain fiber with Cr*" [37] or Sm [38] doped fiber as saturable
absorbers. In addition, Cr*'"- [39] and Co*'- [40, 41] doped crystals and multi quantum
well (MQWs) semiconductors have been also employed as SAs in passively
Q-switched fiber lasers [42]. The performance of the developed system mentioned
above, however, were constrained to low. average power (<10 W) and low pulse
energy (<0.1 mJ) by the fiber core-size-and especially for the mechanical stability
such as thermal management and damage threshold of saturable absorbers.

In this part, I attempted to Q-switcha LMA ytterbium doped fiber (identical to
the above) passively by a Cr'":YAG ‘crystal ‘with high modulation depth ~70% to
Q-switch a Yb-doped fiber laser Besides;” a. novel semiconductor AlGalnAs
quaternary alloy was developed as saturable absorbers. AlGalnAs quaternary alloys
own advantages of larger conduction band offset than InGaAsP materials at spectral
region of 1.5 um [43] and lattice-matching to their substrate InP in the region of 840
nm to 1600 nm. Besides, semiconductor materials can be tailored for specific
wavelength by changing the ratio of compounds. These advantages reveal that
AlGalnAs quaternary alloys are potentially applicable as saturable absorber in
Q-switching lasers. Here I utilized AlGalnAs periodic multi quantum-well (MQW)
saturable absorbers to Q-switch Yb-doped in the 1.06 um and Er/Yb codoped fiber

lasers in the 1.5 pm.



1.3 Achievements

1.3.1 CW tunable Yb-doped and Er/Yb codoped fiber lasers

By use of a FP filter (peaking at 1100nm, bandwidth of 5nm) and a LMA Yb-doped
fiber with core diameter about 30um, a tunable Yb-doped fiber laser with an output
power of 16 W and spectral linewidth of 0.5 nm was generated. The tunability ranged
from 1040nm~1100nm, where the lower limit was restricted by gain bandwidth and
the longer one was bound by the filter. Besides, a narrowband Er/Yb codoped fiber
laser employed a FP filter (peaking at 1564nm, bandwidth of 0.4 nm) for wavelength
selection and narrowing. The gain fiber was an Er/Yb codoped LMA fiber with core
diameter about 25um. Output power of 3.5 W and spectral linewidth of 0.15 nm was
generated. The tunability ranged from 1536nm~1564nm, where the lower limit and
the longer one were bound by the same reasons as well.

Experimental results reyeal that thin-film bandpass filter can reduce the lasing
spectrum from a free-running wide-band.of =5 nm both for Yb fiber laser and Er/Yb
fiber laser to be a narrow band'of < 1.0 nm for Yb fiber laser and <0.15 nm for Er/Yb
fiber laser without substantial losses. The efficiency of natrowing is higher than 90%
for all tuning range for both_lasers. Besides, the wide tuning range is achieved with
tilting the incident angle to shift‘the passband eurves. The resonant wavelengths were
showed fitting well with the theory. The experiments emphasized that an efficient

resonant-wavelength tuning and narrowing is simple to realize for a fiber laser.

1.3.2 Passively Q-switched Yb-doped fiber laser by a Cr:YAG crystal

A laser output with pulse energy up to 350 pJ with pulse duration of 80 ns at pulse

repetition rate of 43 kHz was obtained. By use of the FP filter, tunability was realized

from 1055 nm to 1080 nm and the pulse energies were at 250 uJ at the maximum

pump power. The Q-switching efficiency (average power of Q-switched laser/cw laser)
was over 90% even if the average power exceeded 14W. The result reveal that the loss

induced by a Cr*":YAG crystal with high modulation deptch~50% is quite low and the

Cr*":YAG crystal is appropriate to Q-switch a high power fiber laser.
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1.3.3 Passively Q-switched fiber lasers by AlGalnAs MQW semiconductor

saturable absorbers

In the Q-switched Yb-doped fiber laser experiment, a pulse with energy of 450 pJ and
duration of 60 ns was obtained at pulse repetition rate 30 kHz. The output
performance was compared with that of Q-switched fiber laser by use of Cr*":YAG
crystal. On the other hand, in the Q-switched Er/Yb codoped fiber laser experiment, a
pulse with energy above 100 pJ with a Q-switched mode-locking (QML) pulse shape
was obtained at pulse repetition rate 12 kHz. The FWHM of envelope of the QML
pulse was 300ns, and the peak power was estimated by the highest pulse with energy
of 17uJ and duration of 33ns to be 0.5kW. The Q-switching efficiencies in the two
experiments exceeded 80 % and their pulse energies are the highest ones in 1.06 um
and 1.5 pm respectively. The remarkable performance confirms the prospect of using

AlGalnAs QWs as saturable absorbers in passively Q-switched lasers.

1.3.4 Actively Q-switched Yb-doped fiber lasers

At first we demonstrated“a high-powerQ-switched fiber'laser that can emits stably
from 53 kHz to 200 kHz. The maximum pulse energy is°0.25 mJ with pulse duration
of 100 ns with a spectral linéwidth of 1.5 nm. _The limit of the repetition rate was
estimated to be pumping rate for the upper limit and pre-lasing for the lower. The
loss modulation of the AO Q-switch is about 20% ~30% measured in a single pass.
There occurred a pre-lasing within the low-Q state when we tried to operate at a lower
repetition rate, which resulted in unstable pulse output and several spiking in spectral
domain. To expand the pulse repetition rate as well as to obtain higher pulse energy,
an AlGalnAs semiconductor saturable absorber was used to enhance the loss
modulation. The hybrid Q-switch can enhance the modulation loss. Experimental
results showed that the maximum pulse energy was raised to 0.56 mJ with timing
jitter less than 1%.

On the other hand, due to the loss modulation of an AO Q-switch is dependent on
polarization of the incident beam; it could be possible to enhance the loss modulation

by employing a low-loss polarization optic inside the external cavity. Consequently
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we utilized a polarization beam splitter (PBS) settled before the AO Q-switch to
control the polarization of incident beam into the AO Q-switch. A loss modulation
exceeding 60% was realized in a single pass. However the loss induced by the PBS
was about 20% and the efficiency of power of laser with and without the PBS was
estimated to be 92% Q-switching regime. Consequently the experiment results
manifested the PBS could increase the loss modulation efficiently, where the pulse
repetition rate was could be operated to 20 kHz with output power of 12 W, the
maximum pulse energy was up to 0.6 mJ with pulse width of 42 ns peak power of 14
kW. The wavelength was centered at 1075 nm with a FWHM linewidth of 1.5 nm

and > 40 dB higher than the ASE which ensures the pulse energy is reasonable.

12



1.4 Outline

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Introduction to fiber lasers including the history of development, design
of double clad fiber allowing pumping by high power laser diode for
higher power-scaling. Besides, several pumping schemes including
side-pumping and end-pumping are introduced. Finally the motivation for

this thesis and the achievement are presented.

In this chapter, the properties and importance of Yb ions and Er/Yb ions
are introduced firstly. Afterwards a continuous wave tunable Yb fiber
and an Er/Yb codoped fiber by use of thin film filters were

demonstrated.

In this chapter, I pay my attention to passively Q-switched fiber lasers. A
fiber laser was Q-switch passively by Cr'":YAG crystal. Besides, an
analytical model'was demonstrated to optimizing an external Q-switch,
which consisted of the saturablé absorber, re-imagining focus lens, and a
high reflection mirror. The influénces of the*parameters of the external

Q-switch were:discussed.

In this chapter I demonstrated an Yb-doped and an Er/Yb codoped fiber
laser by AlGalnAs based’semiconductor periodic multi quantum wells,
respectively. The pulse energies are to date the highest ones for both in

the Yb-doped and Er/Yb codoped passively Q-switched fiber lasers.

In this chapter, I demonstrated fiber lasers Q-switched by an AO
Q-switch, hybrid Q-switch, and an AO Q-switch with polarization
control respectively. The influences of a saturable absorber and
polarization control on the performance of Q-switched fiber lasers by

AO Q-switch were discussed.

This is the final chapter in this thesis and I concluded all the results here.

Besides, outlook for the fiber lasers are discussed.
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Chapter 2 Continuous-wave tunable Yb doped and Er/Yb

codoped fiber lasers

2.1 Yb doped and Er/Yb codoped silica fiber lasers

Ytterbium (Yb) and Erbium (Er) are both rare earth elements of the lanthanide series.
They are often used as doping materials in many hosts such as YAG, YVO,, and
various glasses such as silicate, borate, fluoride, and phosphate glasses. Here we
qualitatively focus on silica glasses based fibers only because silica glass is the most
popular and mature material for fabrication of fibers. Besides, we would also observe
that both the dopants are suitable for tunable operation thanks to their broad emission

spectrum.

2.1.1 Yb doped silica fiber

Ytterbium is the one of the lanthanons element with an-atomic number of 70. The
electronic configuration of ‘an ytterbium. atom_is [krj4d'%4f'*55?5p%6s® while the
outermost 6s and one of 4f electrons are removed when*it is ionized as a trivalent ion.
The optical active orbital 4f electrons are-hence partly shielded by 5s and 5p shells.
The main energy levels concerning the optical transitions of ytterbium ions (Yb*") are
shown in Fig. 2.1. The 4f" electrons possess only two energy levels where the higher,
or say excited level is 2F5/2 and the lower one is 2F7/2. Both of them have split into
three or four fine stark levels due to several reasons.

The L-S coupling (Russell-Saunders coupling) mainly determined the energy
structure for that the optical electrons are shielded partly by 5s and 5p filled orbital.
The shielding effect has optical transitions of Yb®" doped materials almost the same.
The factors affecting finer split energy levels include local field of hosts, thermal
phonons, electronic and magnetic interactions with each individual ions in its vicinity,
and resonant interaction with neighboring Yb ions if the doping concentration is
sufficiently high [1]. The calculations of fine structures are complicated and are not

discussed in this thesis.
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Fig. 2.1. Yb*' energy level diagram in silica fibers. The red line indicates the

absorption line and the blue ones indicate emission line.

Yb* ions are three or quasi-three stark levels structure, which means that they
may have slight lower optical transition efficiency than the four levels. However the
development of high power diode lasers help'to efficiently depopulate the ions in
ground level to the excited state. Besides there are some advantages making Yb

attractive dopants in fiber gain medium:

A. Low quantum defect:
The simple energy levels structures also reveal that the usual pump
wavelengths are close to the radiation showing the quantum defect is quite

small, reducing thermal effect at high power operation.

B. Weak quench effect:
Some detrimental effects such as excited stimulated absorption (ESA),
concentration quench, and upconversion are weak (still exist actually)
due to no other 4f energy level of Yb doped gain medium [2], thus a high
doping levels even for 10,000 ppm wt. is achievable in Yb>* doped fiber.

C. Broad emission region:
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Broad optical emission and absorption profile as shown in Fig. 2.2 [2]
showing Yb*" a potential gain medium in amplifier, tunable lasers, and

ultrafast laser.
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Fig. 2.2. Emission and absorption cross section of ytterbium ion. Solid: absorption cross

section; dash: emission cross section. [2]

The stimulated emission and absorption cross-section of Yb doped silicate glass
are shown in Fig. 1.2 as well, where the host was germanosilicate glass. The profiles
of the optical absorption and emission cross sections are nearly mirror symmetry. The
spontaneous emission extends from 0.9um to 1.1pm continuously due to the strong
homogeneous and inhomogeneous broadening. On the other hand the absorption
band ranges from 0.8um—1pm, which indicates a laser-diode or a Nd laser could be as
a pump source. The fluorescence lifetime of a pure silicate glass based Yb*" medium
is around 1.5 ms [2]. Usually some elements such as Ge, Al, or K are codoped to

reduce concentration quench and the lifetime is reduced [2].

2.1.2 Er/Yb codoped silica fiber

Er’*-dope materials are attractive for their useful gain region in 1.5~1.6 um, as shown
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in Fig. 2.3.  For high power output higher doping concentration is necessary due to
the absorption of erbium ion is impractically low. A problem is followed that the
reduction of gain and pump efficiency due to quench effects such as ion-pairing [3, 4]
and upconversion, and the latter would be enhanced if ion-pairing is present [5]. It has
been showed that Er''-ion pairs would act like a saturable absorber inducing
self-pulsing effect in Er-doped fiber lasers at high paired ions level and that did
reduce optical efficiency. Afterward several methods were proposed to improve
those detrimental effects. An Er-doped fiber laser was shown theoretically and
demonstrated simultaneously operating at a stable CW output utilizing a pump
wavelength at 1.51um instead of at 0.98um [6,7], where self-pulsing was suppressed

by a dumping (resonant pumping) of Er’*-ions from excited state to ground state.
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Fig. 2.3. Emission and absorption cross section of Erbium ion.

However the dumping effect significantly decreases pumping efficiency. Other
methods to prevent ion-pairing includes low-temperature deposition technique or
co-doping with Al or P; however they does not eliminate upconversion among the
uniformly distributed ions. In addition, an efficient and practical method to solve
this problem is co-doping with ytterbium to absorb the pump light around 980nm and
then transferred to Er-ion nonradiatively. The proposal is based on the properties as
the following:

A. The ionic radius of Yb’" (85.8 pm)is close to that of Er’* (88.1 pm) [8]. It is
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possible to surround each Er’" ion with several Yb’" ions to facilitate energy
transfer process, especially ytterbium tends to cluster as a high concentration
doping level.

B. As mentioned before Yb*"-ion owns a simple electronic level, which means the

sensitizer does not results in other detrimental effect.

These features increase the efficiency of energy transfer from Yb*" ion to Er’"
ion. The pump energy is nonradiatively transferred from Yb*"-ion to Er’’-ion as
shown in Fig 2.3. The pump light is absorbed mainly by Yb*'-ion (partially by
Er3+-i0n) and the electrons of the ground level 2F,,, are stimulated to excited level
*Fsp, and due to clustering the excited Yb*"-ions have a possibility to transfer their
energy to their neighboring Er’*ion via elastic collision to indirectly excite, or pump
the electrons at ground state 4115/2 to, excited. state 4111/2. It is worthwhile noting a
back-transfer process is seldom.cause of the lifetime of M1 is quite short and for
high-efficient Yb:Er codoped fibers-and by the aid of .codoping of phosphate and

aluminum [9-14].

o

°Fs/ R i1
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0.98 1M 13/2
1.5~1.6 yum
2|:7/2 " - 4|15/2
Yb3* Donor Er3* Acceptor

Fig. 2.4. Plot of YD sensitized Er doped fibers. The energy is transferred nonradiatively
from the excited state of Yb*" ion to the metastable state of Er*' ion to enhance pump

absorption.

An important issue is ratio of the concentration for Yb and Er. As we mentioned

above an Er’" ion is expected to be surrounded by several Yb*" ions, which obviously

23



indicating a much higher concentration of Yb>* ion than that of Er’* ion. Nevertheless
a too high concentration of Yb would waste pump energy and reduce the energy
transfer efficiency, as well as the gain coefficient. The ratio of the concentration
Nyw/Ng; is recommended to be between 4 and 20 [15]. Besides, some imperfections
exist and are not understood yet so far. For example, isolated Yb*™-ions would
radiate 1.1-um emission without transferring energy to Er’-ions and non-uniformly

distributed concentration is harmful to energy-transferring as well.

2.2 All-dielectric thin film Fabry-Pérot filters

2.2.1 Introduction to dielectric thin film filters

Among the optical filters there ate several types based on different principles such as
absorbing glass filter and celor filter-are based on wavelength-dependent absorption,
Lyot filters [16] are based.on wavelength-dependent polarization change, and prisms
are based on wavelength-dependent diffraction. On the other hand, interference
effect based filters including. etalon;~Mach=Zehnder /interferometers, acousticoptic
filters [17-18], FBGs [19-20],- VBGs [21-22], .and AWGs [23]. They provide
wavelength-selection and are well-developed and commercialized.

Dielectric thin film filter or multilayer interference filter is also based on
interference effect and offer another approach for filtering. They are the first filter
type to be widely deployed in wavelength division multiplexing (WDM) systems in
the 1990s [24-25]. The technology has also been applied to a number of important
optical network applications such as gain-flattening filters (GFFs), high performance
band splitter-pump WDMs for erbium-doped fiber amplifiers (EDFAs), and wideband
splitting filters for separating bands of channels. Thin film filter possess the merits
of very low temperature coefficient, long stability, and small losses of chromatic
dispersion and polarization-related dispersion. Thin film filter consists of an
alternating sequence of layers of transparent dielectric material of high and low
refractive indices deposited on a substrate.

The candidates for substrates are usually BK7 glass and fused silica and the
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coating materials are often categorized two types. One is oxides including SiO,, TiO,,
and Al,Os, the other is fluorides including MgF,, La F3, and Al F5. The fabrications of
the thin films are based on the techniques such as electron beam deposition,
ion-assisted deposition (IAD), and ion-beam sputtering (IBS) deposition. The
technology is very flexible; AR, narrow bandpass, wide bandpass, edge, gain

flattening, dispersion compensation, and other filters can be designed for applications.

2.2.2 All-dielectric Fabry-Pérot filters

In this section I pay my attention to narrow bandpass type thin film filter which
realizes a narrowband transmission to be an efficient wavelength-narrowing element
for broadband lasers. Figure 2.1 shows the structure of a typical bandpass dielectric
thin film filter. The structure of is based on Fabry-Perot (FP) cavity type and is
formed by a space region sandwiched between two highly-reflecting multilayer stacks
deposited on a glass substrate. - The basie design-formula for the more commonly
used all-dielectric version is:

Substrate | (LH)™ (2L)" (HL)™ |air , (2.1)
where m is the number of periods in the HRs; niis the order of the spacer.

The highly-reflecting stacks ate composed of multi alternating sequence of high
and low refractive indices with optical thickness of quarter-wave of central
wavelength. The optical high spacer thickness at the centre wavelength for the first
order (n = 1) is one halfwave, for the second order (m = 2) two halfwaves, etc. Ina
FP filter, only a small fraction of light normally penetrates the first reflector, but at
certain resonant wavelengths, the light intensity builds up in the spacer layer until a
significant fraction close to 100% of the input light is transmitted. The transmittance

of thin film filter can be expressed as:

T(0)=T,, {1+Fsin2 (@—5(9)}] , @.1)
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R; and R,,, are the reflectance at incidence and output side of filter respectively; T,
and 7, are the reflectance at incidence and output side of filter respectively;
¢, and ¢  are the phase change at incidence surface and output surface; n, is the

refractive index of the filter; and d is the thickness of the filter.

Reflector spacer Reflector

substrate

Fig. 2.5. The structure of a typical thin film Fabry-Perot filter.
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where 4y is the measured central wavelength at normal incidence. Hence the central
wavelength of a FP filter is a function of the angle of incidence, which meaning it
could be adopted as a tunable wavelength selector for optical measurement or

wavelength tuning in a laser.

2.3 Tunable ytterbium doped fiber lasers

The wavelength selection in this section is achieved by an all-dielectric FP bandpass
filter owning a bandwidth of approximately 1.24 THz or Snm at 1100nm. In this part
we demonstrated an efficient tunable Yb doped fiber laser with the FP bandpass filter.
The efficiency from a free running lasing with a bandwidth of >10 nm to a narrow
linewidth lasing with a linewidth <+ mm cansexceed 96%. By tilting the incidence
angle, the lasing wavelength ean be tuned from-1540- nm to 1100 nm with a tuning

range up to 60 nm.

2.3.1 Experimental setup

Figure 2.6 displays the schematic of'the experimental setup for the tunable Yb doped
fiber laser, which consists of a 3sm Yb=doped fiber and an external feedback cavity
including a saturable absorber. The fiber has an absorption coefficient of 10.8 dB/m at
976 nm and a double-clad structure with a diameter of 350 um octagonal outer
cladding, diameter of 250 um octagonal inner cladding with a numerical aperture (NA)
of 0.46, and 30um circular core with a NA of 0.07. The low-intensity transmission of
the narrowband dielectric filter is shown in figure 2.4.2, which peaks at 1100nm with
FWHM around 5 nm measured by a monochromator with a resolution of 0.1 nm. The
end facets of the fiber were cut to be normal incident. Therefore, the lasing by end
facets usually occurred for the free-running operation.

The pump source was a 35-W 976-nm fiber-coupled laser diode with a core
diameter of 400 um and a NA of 0.22. A focusing lens with 25 mm focal length and
92% coupling efficiency was used to re-image the pump beam into the fiber through a

dichroic mirror with high transmission (>90%) at 976 nm and high reflectivity

27



(>99.8%) at 1030~1100 nm. The pump spot radius was approximately 200 um.

» cavity <

Yb doped double-clad fiber; clad/core: Dia. 250/30 ¢'m

HT@976 nm NA >0.46 /<0.07
HR@1030~1100 nm

FP filter

HR @ 1030~1100 nm

Laser output

Fig. 2.6. Schematic configuration of the tunable and narrowband Yb doped fiber laser.

The spectral transmittance of the thin-film FP filter at normal incidence is
shown in Fig. 2.7. The transmission bandwidth is approximately Snm and the central
wavelength is around 1102 am with "a transmission up to 96%. The thin-film FP
bandpass filter used in this experiment had a clear aperture of 3 mm %3 mm and was
0.5mm thick. The central wavelength can shift lower at oblique incidence. Therefore,
the bandpass filter was mounted rigidly on a precision rotation stage to control the
incident angle for wavelength tuning. In terms of the incident angle , the
wavelength of peak transmittance is given by equation (2.4) with the parameters
Ao=1.102um n,=1, and ney is determined with the curve-fitting to the experimental
measurement. As shown in Fig. 2.8. Eq. (2.4) can be used to express the wavelength

dependence on angle of incidence up to 30° with n.4=1.6.
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Fig. 2.7. Spectral transmittance of the thin-film FP 1.1-um filter at normal

incidence.
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Fig. 2.8. Wavelength dependence on angle of incidence for the thin film FP
1.1-pm filter bandpass filter.
2.3.2 Results and discussions

The free-running performance of the present fiber laser was studied first. The external
cavity only comprised a focusing lens and a high reflector without inserting the FP

bandpass filter. The free-running performance was taken as a baseline to obtain the
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efficiency of the wavelength narrowing with the FP bandpass filter. Figure 2.9
shows the output powers with respect to the incident pump power in the free-running
operation and the wavelength-narrowing operation at 1040nm, 1060nm, 1080nm,
1095nm, and 1100nm by changing the incident angle on the FP bandpass filter. In
the free-running operation the maximum output power of was approximately 17 W at
a pump power of 26 W. The slope and optical-to-optical efficiencies were 77% and
68%, respectively. The wavelength-narrowing operation had slightly lower slope
efficiencies due to the insertion loss by the FP filter. The efficiency from the free
running operation to the wavelength-narrowing operation can be generally greater

than 90%.
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Fig. 2.9. Output powers with respect to the incident pump power in the free-running

operation and the wavelength-narrowing operation of tunable Yb fiber laser.

The overall tuning range was shown in Fig. 2.10. The output powers were
almost the same for the whole tuning range. Note that the upper wavelength was
restrained by the peak transmission wavelength of the filter at normal incidence,
whereas the lower wavelength was limited by the gain profile of the fiber. As we
increased the AOI further, the Yb population required for lasing is higher that the gain

at the gain peak becomes excessive, to the point where ASE at the gain peak starts to
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dominate the emission and a parasitic lasing occurred. It is noted that the gain
profile is influence by the temperature of the core, the length of the fiber, and codoped
dopants such as aluminates for refractive index controlling. Moreover the
temperate-sensitive or length-sensitive property is due to the energy level of Yb ion as
mentioned in 4.1. Sinha et al. at Stanford Univ. have produced a fiber laser emitting at
1150 nm by heating the fiber directly to red-shift the fluorescence of Yb fiber [26] and
Dvoyrin et al. obtained an 1160-nm Yb fiber laser with a self-heating Yb fiber [27].
Oppositely a shorter-wavelength operation demands a shorter fiber or lower

temperature of fiber itself.
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Fig. 2.10. Dependence of the output powers on the lasing central wavelength of

tunable Yb fiber laser.

The laser spectral performance was recorded by an OSA with maximum
resolution of 0.1 nm (Advantest Q3489). As depicted in Fig. 2.11, the lasing linewidth
is narrower with a linewidth of 0.36 nm than 5 nm of the FP filter, due to the normal
linewidth narrowing occurring in the multi-pass amplification. Figure 2.12 shows
the spectral bandwidth of the free-running operation and narrowband operation at
various wavelengths. Linewidth of free-running operation was wider than 10 nm
while the lasing linewidth were narrower than 1 nm for all tuning range at narrowband

operation.
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Fig. 2.11. Comparison of the linewidth of the thin=film FP1.1-um filter and that of the

narrow-linewidth Yb fiber laser.
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Fig. 2.12. Experimental spectra for the free-running and wavelength-narrowing operations of
tunable YD fiber laser. The solid lines present narrowing spectra; the dot line presents the

free-running operation.
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2.4 Tunable Er/Yb codoped fiber lasers

In this section the FP filter is a standard DWDM filter with a bandwidth of 50 GHz.
We demonstrated that an efficient tunable Er/Yb doped fiber laser can be simply
achieved with a 50 GHz FP bandpass filter. The efficiency from a free running lasing
with a bandwidth of >5 nm to a narrow linewidth lasing with a linewidth < 0.15 nm
can exceed 96%. With tilting the incidence angle, the lasing wavelength can be

tuned from 1536 nm to 1564 nm with a tuning range up to 28 nm.

2.4.1 Experimental setup

Figure 2.13 depicts a schematic diagram of the experimental setup. The laser cavity
comprised a 7-m double-clad Er/Yb codoped fiber and an external feedback cavity.
The absorption coefficient of the gain fiber was lower than that of the Yb doped fiber,
approximately 3dB/m at 976 nfm. The fiber had a core diameter of 25 pm and a
cladding diameter of 400 um with corresponding numerical apertures (NA) of 0.07
and 0.46. The fiber was coiled with a 12-cm diameter to increase the losses for the

higher order transverse modes and strengthen the single-spatial-mode operation.

Fiber-coupled LD @976'nm

.

HT@976 nm
HR@1530~1600 nm

Er/Yb codoped double-clad fiber; 300/25 ¢ m

FP filter

HR @ 1530~1600 nm

Laser output

Fig. 2.13. Schematic configuration of the tunable and narrowband Er/Yb doped fiber laser.

The external cavity was composed of an aspherical lens with 8-mm focal length,
a thin-film FP bandpass filter for selecting and narrowing the emission wavelength,
and a rear dielectric mirror with high reflectivity at 1530-1570 nm. The whole
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cavity was bounded by the rear mirror and a perpendicularly cleaved fiber end facet as
the output end with ~4% Fresnel reflection. The fiber end facet adjacent to the
external cavity was not angled cleaved to suppress broadband feedback. The pump
source and pump scheme were identical to those employed in the above section.

The spectral transmittance of the thin-film FP filter at normal incidence is shown
in Fig. 2.14. It can be seen that the transmission bandwidth is approximately 50
GHz and the central wavelength is around 1564.2 nm with a transmission up to 98%.
Note that the characteristics of the present bandpass filter are appropriate to the

demand of WDM applications.
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Fig. 2.14. Spectral transmittance of the thin-film FP 1.1-um filter at normal

incidence.

The thin-film FP bandpass filter used in our experiments had a clear aperture of
1.4 mm X 1.4 mm and was 0.5mm thick. The central wavelength can shift lower at
oblique incidence. Therefore, the bandpass filter was mounted rigidly on a precision
rotation stage to control the incident angle for wavelength tuning. In terms of the
incident angle, the wavelength of peak transmittance is given by equation (1) with the
parameters A,=1.56 um n,=1, and n. is determined with the curve-fitting to the

experimental measurement. As shown in Fig. 2.15, Eq. (1) can be used to express
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the wavelength dependence on angle of incidence up to 15° with n.s=1.37.
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Fig. 2.15. Wavelength dependence on'angle-ofiincidence for the thin film FP
1.56-pm filter bandpass filter.

2.4.2 Results and discussions

The free-running performancé of the present fiber laser was studied first. For this
investigation, the external cavity only comprised a focusing lens and a high reflector
without inserting the FP bandpass filter. The free-running performance provides the
baseline for evaluating the efficiency of the wavelength narrowing with a FP bandpass
filter. Figure 2.16 shows the output powers with respect to the incident pump power
in the free-running operation and the wavelength-narrowing operation at normal
incidence. In the free-running operation the maximum output power was
approximately 3.7 W at a pump power of 18.5 W with a slope efficiency of 22%;
while the slope efficiency was degraded to 7.9% at higher pump power owing to
lasing of Yb*" ion mainly.  The wavelength-narrowing operation had nearly the
same performance at the output power. The corresponding output power and slope
efficiency at 1564nm, 1552nm, and 1536 nm are shown in the Fig as well. The

highest efficiency from the free running operation to the wavelength-narrowing
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operation can be generally greater than 92%. This result confirms the insertion loss of
the thin film FP to be very low, comparable to the performance of VBGs in fiber
lasers [chapter 1, 32-33].
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Fig. 2.16. Output powers withgrespéctto the incident pump.power in the free-running

operation and the wavelength-narrewing operation of tunable Er/Yb fiber laser.

With changing the incident angle on the FP bandpass filter, the lasing central
wavelength can be tuned from 1564.2 nm to 1536 nm, corresponding to the incident
angle varying from 0° to 15°. The overall tuning range was shown in Fig. 2.17. The
output powers were almost the same for the whole tuning range. Note that the upper
wavelength was restrained by the peak transmission wavelength of the filter at normal

incidence; whereas the lower wavelength was limited by the gain profile of the fiber.
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Fig. 2.17. Dependence of the output powers on the lasing central wavelength of

tunable Er/YD fiber laser.
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The lasing spectra were measured by employing an optical spectra analyzer
(Advantest Q8347) with a resolution of 0.007 nm. As depicted in Fig. 2.18, the
spectral bandwidth of the narrowband operation was narrower with a linewidth <0.15
nm than 0.4 nm of the FP filter. Figure 2.19 shows the linewidth of the free-running
mode and that of narrowband mode over all tunable range. Linewidth of free-running
operation was wider than 5 nm while the lasing linewidth were narrower than 0.2 nm

for all tuning range at narrowband operation.
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Fig. 2.19. Experimental spectra for the free-running and wavelength-narrowing
operations of tunable Er/Yb fiber laser. The solid lines present narrowing

spectra; the dot line presents the free-running operation.

2.5 Conclusion

An efficient tunable narrow-linewidth Yb and Er/Yb fiber lasers have been obtained
with an all-dielectric FP bandpass filter as a wavelength selector. In Yb fiber
experiment, the lasing spectrum can be reduced from a free-running wide band of 10
nm to a narrow band of <I nm with a thin-film FP bandpass filter. The insertion loss
introduced by the thin-film FP filter is so low that the overall output powers remain
>93% of the free-running output power. With tilting the incident angle to shift the

passband curve, the lasing wavelength can be tuned from 1040nm to 1100 nm with a
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tuning range greater than 60 nm. In the Er/YDb fiber laser experiments, an efficient
tunable narrow-linewidth Er/YDb fiber laser has been obtained with an all-dielectric FP
bandpass filter as a wavelength selector. The lasing spectrum can be reduced from a
free-running wide band of >5 nm to a narrow band of <0.15 nm with a thin-film FP
bandpass filter. More importantly, the insertion loss introduced by the thin-film FP
filter is so low that the overall output powers remain >92% of the free-running output
power. With tilting the incident angle to shift the passband curve, the lasing
wavelength can be tuned from 1536nm to 1564.2 nm with a tuning range greater than

28 nm.
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Chapter 3 Passively Q-switched Ytterbium Fiber Lasers by

use of Cr'": YAG crystals

3.1 Introduction to passively Q-switching

Passively Q-switching (PQS) is an important technique providing a compact
method for generating pulse with duration of ns-scale normally or ps-scale for
microchip type PQS lasers. PQS is modulated by a passive material such as organic
dye, doped monolithic crystal, or semiconductor saturable absorber. These saturable
absorbers can absorb light of their optical transition line and the absorption can be

described simply by the equation:

o
a(EF)y=—2>—"", 3.1
= 3.1)

where ¢, is the small-signal absorption coefficient, ~£, is the incident energy

density, and E_ is a saturation fluence

hv
=———A r 3.2
sat (Ge‘l'ca) mode ( )

where oy, is the absorption cross section for the optical transition. The absorption is
intensity dependent and saturable absorbers become more transparent when they
absorb light. Figure 4.1 shows the transmission characteristics. The transmission is
initially invariant and has a jump when E, close to £ . At higher incident energy
density saturable absorber is saturated or bleached and is nearly a constant. PQS is
based on the behavior of the absorption which provides a high loss initially in a
resonant to prevent resonating and to store population inversion in gain medium; as
saturable absorber is pumped continuously by the fluorescence of gain medium, it is
transparent finally and the gain exceeds the loss which results in a pulse output.
There are a number of publications dealing with modeling of PQS lasers [1-5]. Here I

will introduce and derive several important equations based on Ref. [1,4]
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Fig. 3.1. Nonlinear transmission of a saturable absorber versus incident energy

density normalized to its saturation energy density.

The parameters suchas pulse energy,pulse. peak power, and second threshold
criterion will be obtained by including the parameters of intracavity focusing and the
ESA effect into the rate equation., ‘The-coupled-rate equations used here were based

on that photon is axially uniformly: distributed and the saturable absorber recovers

completely.
dg ¢ 1
—="\20nl-20.nl -20nl —|In|—|+L 33
dt tr { gas "gs gs es es es ( ( R] j} ( )
dn n
E:Rp—;—yac;ﬁn (3.4)
dl’l n
g _ e 2
) o CP1 (3.5)
ngs + nes = nso’ (36)

where ¢ is the effective intracavity photon density; R, is the volumetric pump rate; n
is population density of gain medium; / is length of saturable absorber; 7y and z, are

the recovery time of upper laser level of gain medium and excited-state of saturable
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absorber, respectively; 4 and 4, are effective area in the gain medium and saturable
absorber respectively; ngy, nes, and ny, are ground, excited state, and total population
densities respectively; og andoes are ground and excited state cross sections in the
saturable absorber respectively; R is reflectivity of the output coupler; y is inversion
reduction factor, y=1 and y=2 correspond to respectively, four-level and three-level
systems [1]; ¢, is round-trip transit time of light in the cavity optical length. Figure
3.2 shows the simulated results of development of passively Q-switched laser pulses.
It is obviously seen that the gain exceeds the loss at some points, at which the photon
number does not raise rapidly. The reason is that in passively Q-switched lasers there
are two criterions for pulse-formation. 1% is the lasing criterion, i.e. gain surpasses
loss. Satisfying the condition means there is probability to radiate photons, however it
needs more condition to generate pulsed output, the condition is the so-called 2™
criterion. The details will be discussed later. Figure 3.3 shows the detail of Fig. 3.2
for a single pulse generation.’It can be observed that the pulse peak occurs at the point
that the gain equals the loss. After the point the loss exceeds gain again and continues
to increase the populations inversion of gain‘medium to output another pulse in the
next cycle. The simulated results. provides.the view of the development of
Q-switched pulse, however it'is necéssary to study this topic more analytically to give

insight into the mechanism.
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Fig. 3.2. The development of passively Q-switched laser pulses.

45



1.4

12k gain
—— loss
) photon
Q
(]
€
o
]
o
©
[J]
N
©
£
[}
zZ
02}
0.0 1 ; ] y ] ; 1 , ]
53.36 53.38 53.40 53.42 53.44

Rountrip time (a.u.)
Fig. 3.3. The development of a single passively Q-switched pulse. The maximum

value of photon density occurs at the gain equals the loss.

Firstly the terms R, and #/z; in (3.4)- and«n./zs1n (3.5) are dismissed due to the
build-up time of the Q-switched laser pulse is generally quite short compared with

them. Now that (3.4) and (3.5) could be written as

@—— ocon G.7)
a7 1
and
dn,, A 3.8
d: :—Zagscqﬁn. (3.8)

nY (3.9)
ngs = nso [n_lj s

1 Aoy (3.10)

where
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and n; is the initial population inversion density in the gain medium, which can be
obtained by setting the right-hand side of (3.3) to zero and assume that n(ngs=ns)=n;.

The value of initial population inversion density n; can be expressed as

1 1
n = .

' 20l

—0 g gl

Here the relation of the initial transmission of saturable absorber 7 =e = is

used. The value of pulse energy can be obtained with the aid of (3.7) as

hvAl ¢

WAl "t dn
-[ —yocn

E= TdtP(t) = j dt §(t) =

hv A 1 n.
In(—)In(—).
207 n(R)n(nf) (3.12)

r

The value of nycan be obtained as follows:

1. Dividing (3.3) by (3.7) and replacing (3.9)-into-the result gives

1 In L
ag __ 1|, _(-B) ( )(_)a1 ﬂn(Tg)+ ( - _ (3.13)

dn yl 2onl 20ni

1

2. Integrating (3.13) gives

P(n)—p(n,) = §p(n) =

1 1 1

BIn(—;)+In(—)+L (1—,3)111(7)
mhy_ny IT R - 10 1{1 (—)} (3.14)
b InC_)+In()+L " Ing 2)+ln( )+ L :

and then setting y(n=ng)=0 [y(n=n;)=0 is a trivial solution gives

1 1
BIn()+In(—)+L 1-p) ln( 5
1—’;—{- X In-)~ 2 é{l—(i—f)“}o (3.13)
i ln(T—oz) + ln(E) +L s ln(T—Oz) + hl(E) +L i
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Eqgs (3.15) can be solved numerically to obtain 7.
Peak power is expressed as

hVAII¢(I’l = n¢max) 1

hvdlg, In(-). (3.16)

P=

axl( )_

r r

where n, . can be obtained by setting (3.13) to be zero with n=n,_ , which gives

1
. (1-8)n(_;) a1
1= Somax 1 ff (’%maxJ -0, (3.17)
Mmax ln(T—Oz)+ln(E)+L &
with
1 1
BIn(—)+In(—-)+L

. T R

My = 53 ; (3.18)

n;max is the maximum photon density of fast saturable absorber where o is infinity.

Besides it is necessary to.derive a criterion‘for Q-switching as depicted in Ref. [4].
The author derived a modified 2™ thresheld eriterion for Q-switching by including the
influence of intracavity focusing and' the ESA effect into the rate-equation analysis.

2

The threshold was obtained by setting % be positive assuring a growth curve
n

n=n;

for photon intensity will turn upward.

With (3.13) and then replacing n = n; gives

1 1
a(l-p)-1|ln| = |-In(—)—L >0, 3.19
[(ﬂ)](ﬁzj () (3.19)
which can be written as
) .
o
0 g5—>L. (3.20)
o A 1-p

ln(Tt j+ln( )+ L

(3.19) can be expanded to discover the upper bound and lower bound for 7, and R,
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respectively as follow:

ln(;) )
T; < eXp —m (322)
R>exp| —(a(1-£)-1) ln(%) +L|. (3.23)

The limits of the initial transmission and reflectivity of output coupler provide
criterion more practically to design a laser cavity.

In a passively Q-switched laser the pump power do not affect much the pulse
energy or pulse width but do increase the repetition rate. Degnan [1] have proposed

that the initial population density at the start of Q-switching is expressed as

n,=r7n l-exp(—z'c /%) (3.24)

P 1-Sexp(-t,/z,)

where 7. is the time interval between pulseésand o 1s the“fraction of the population
inversion left over at the start of the'next pump.cycle for CW-pumped Q-switched

lasers. o can be expressed as

5= 1-de(p Dy (3.25)
y

N
where £, is the equilibrium fractional population of the upper level as determined by

Maxwell-Boltzmann statistics. Now relate (3.24) with (3.11), we can find out the

time interval between pulses can be expressed as

r=z.In [R"Tf—_&l"] (3.26)
=z, . .

R 7. —n

p i
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3.2 Cr*":YAG crystals

Chromium-doped yttrium aluminum garnet (Cr*:YAG) crystals are the most
recognized saturable absorbers at the spectral region of 0.9-1.2 um during the last
decade. Compared with the organic dyes saturable absorbers, they have the merits of
reusability, chemical stability, and high heat conductivity for thermal management.
The mechanical characteristics make them a reliable and durable device for high
power operation. On the other hand, Cr*":YAG crystals own characteristics of large
absorption cross-section and long excited-state lifetime required for optical absorption.
The optical energy-level of Cr*":YAG crystals is shown in Fig. 3.4. Cr*":YAG crystal
is a 4-level system at the absorption band of 1.0~1.1um . The solid line and the dash
line indicate radiative and non-radiative transitions respectively. The spontaneous
emission occurs via transitions from level 3 to the metastable level 2 and the lifetime
732 1s in the order of 3~4us [6-7]. ESA is included'in this figure and the lifetime for
the corresponding decay is:of the order of ps [8-9].+The ESA acts a loss in the
absorption process and results in-a degradation of final transmission of saturable

absorber. Fortunately the ¢ross-section of ESA of Cr'™: YAG is small compared to that

, 5
: T 53~Sub-ns
4 N i
T 4;3~SUb-ns v v 3
3~4 us
2
T ,,~sub-ns |
1 I 3

Fig. 3.4. Schematic energy-level diagram of Cr*": YAG with ESA. The solid lines indicate optical
transitions and the dashed lines indicate non-radiative transitions. The non-radiative relaxation 4-3,

2-1, and 5-3 are much faster than the lifetime of the excited state 3.

of ground-state. However the excited cross section can not be neglected and they
have been studied for years. The values of the cross sections for ground state
absorption, oy, and excited state absorption, G, are not known exactly so far and can
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vary by more than one order of magnitude due to measured cross-section depends on
the property of incident pump beam such as the pulse repetition rate and pulse
duration, and concentration and homogeneity of Cr*":YAG crystals. For example
Ridderbusch et al. have used pulse laser of duration in continuous, ns- , and ps- scale
to pump a Cr*":YAG crystal with initial transmission of 0.5 [10]. Experimental data
revealed that the saturation behaviors as well as the cross-section differed for the three
lasers. Besides, the deviation is also attributed to the fact that their fitting procedure
and parameters such as concentration and the inhomogeneous intensity distribution of

the probe beam. Table 3.1 shows the reported results for 645 and ce.

Table 3.1. The reported values of ¢ 4 and o s of the Cr*":YAG crystal

04 (1078 cm2) 7:0.8 204 0.8740.08
0 o (100 cm2)  240.3° 2404 -2.240.2
0ol 04 0286 0.1 (025
Ref. R i e

Though the cross-section is not.determined absolutely, we can approximately describe
the transmission response with respect to lincident energy density of Cr'":YAG
crystals if the probe beam is a pulse of short duration with respect to the lifetime of
excited state of Cr*":YAG crystals. As mentioned in 4.1 initial the transmission 7},
and maximum transmission 7y can be expressed as

T =exp(-n_oc ls), (3.27)

gs Ggs
and

T,=exp(-n,,c,ls) . (3.28)

Burshtein et al. have proposed a approximate analytical expression to describe the

transmission [11], which gives
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T (E)-T
T;ossy (Ein ):To + %

(T;-T,), (3.29)

(V]

where

_ 1 O E(0)
T, (E, )~ 0 1n[1+T0 (e —1)} , (3.29)
which is derived by Frantz and Nodvik [14]. On the other hand if the duration of the
probe beam is longer than the lifetime of excited state an analytical solution exists if
all level populations reach steady-state much faster than change in the power density

of the probe beam. The transmission T can be obtained by solving the equation

i
1(0)= T; - : (3.30)

Besides the absolute value of cross-section,-the ratios of o/, are less duplicitous
than the absolute values and were reported to be between 0.14 and 0.286 [8]. The ratio
is important and is related to the parameterf in section 4.1. In the next section we will
derive a simple and practical model to optimized a fiber laser with an external

Q-switch and take a Cr*":YAG crystal to be saturable absorber.

3.3 Passively Q-switched Ytterbium Fiber Lasers by Cr*": YAG crystals

3.3.1 The Cr*: YAG crystal used in this experiment

The Cr*": YAG crystal used in this experiment has a thickness of 3mm and an initial
or low-intensity transmission of 30% around 1040nm~1100nm corresponding a
concentration of 5.3x10" ¢cm™ as shown in Fig. 3.5. Fig. 3.6 shows the absorption
saturation experiment and that reveals that the final transmission is 85% around and
the modulation depth was observed to be approximately 50% in a single pass. With
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the foregoing results the ratio of the absorption excited state cross section to the
ground of the Cr*":YAG crystal was calculated to be to be 0.124. Furthermore, the
saturation fluence of the saturable absorber was estimated to be in the range of 0.6

J/em® and its relaxation time was also on the order of 3 ps.
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Fig. 3.5. The low-intensity. transmission of the Cr*’: YAG crystal used in this experiment.
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Fig. 3.6. Measured results of saturation of the Cr*":YAG crystal used in this experiment.
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3.3.2 Experimental setup

Figure 4.7 displays the schematic of the experimental setup for the passively
Q-switched Yb-doped fiber laser that consists of the 3-m Yb-doped fiber and an
external feedback cavity including the Cr*":YAG crystal as a saturable absorber. The
fiber has an absorption coefficient of 10.8 dB/m at 976 nm and a double-clad structure
with a diameter of 350 um octagonal outer cladding, diameter of 250 um octagonal
inner cladding with a numerical aperture (NA) of 0.46, and 30um circular core with a
NA of 0.07. The filter is a dielectric narrowband filter with peak at 1100nm, the same
as that used in chap 2. The end facets of the fiber were cut to be normal incident.
Therefore, the lasing by end facets usually occurred for the free-running operation.
The pump source was a 35-W 976-nm fiber-coupled laser diode with a core
diameter of 400 um and a NA of 0.22. A focusing lens with 25 mm focal length and
92% coupling efficiency was used to re-image the pump beam into the fiber through a
dichroic mirror with high stransmission (>90%). at 976 nm and high reflectivity
(>99.8%) at 1030~1100 nm. The' pump spot radius was approximately 200 um. The
pulse temporal behavior was recorded by-a LeCroy digital oscilloscope (Wavepro

7100; 10G samples/sec; 1 GHz bandwidth)ywithrafast InGaAs photodiode.

Fiber-coupled LD @976 nm

.{:::::::] 5 - cavity

Yb doped double-clad fiber; clad/core: Dia. 250/30 ym
NA >0.46 /<0.07

HT@976 nm :
HR@1030~1100 nm !

E% =N ) \ﬂ

HR @ 1030~1100 nm

Laser output

Fig. 3.7. The schematic configuration of the passively Q-switched fiber lasers by Cr*":YAG
crystals.
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3.3.3 Experimental results and discussions

Firstly the performance of average output power of continuous-wave and passively
Q-switched modes were compared. For this investigation, the external cavity
comprised a focusing lens and a high reflector. The narrowband filter was inserted
inside the external cavity for narrowband operation. The cw performance provides the
baseline for evaluating the passively Q-switched efficiency. Figure 3.8 (a) and Fig.
3.8 (b) shows the average powers with respect to the incident pump power for cw and
PQS operations. The continuous-wave output power at 1080nm is lower than the
others hence it is excluded in Fig. 3.8 (a) and was shown in Fig. 3.8 (b). The
wavelength was experimentally tunable from 1055nm to 1080nm for all the power
level. It is noted that the tunability was constrained by the loss introduced by the loss
of the Cr*":YAG crystal. The slope efficiency of the CW laser in Fig. 3.8 (a) is 71%,
slightly lower than that in chaptet. 2. The reason is attributed to the experimental setup
in this chapter consisted mere optics;and is more complex in alignment. The slope
efficiency ranged from 64%-~68% in Fig. 3:8 (a). and is 60% in Fig. 3.8 (b).
Consequently the Q-switching effieiency.is:95% for 1055nm, 90% for 1060nm, 92%
for 1070nm, and 95% for 1080nm. The Qzswitching efficiency is superior to those of
Yb-doped crystal lasers with €r*":YAG crystals as‘saturable absorbers [15~20]. The
M? beam-quality factor was measured fo be <1'8 over the complete output power

range.

L = CW1(n=71%)
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Fig. 3.8 The average power of CW and PQS regime for (a) 1055nm,
1060nm, and 1070nm; (b) 1080nm

It is noted that although the niodulation depth of the Cx'":YAG crystal is between the
four wavelengths, the performances-aresreally ‘different. Figure 4.9 shows the pulse
repetition rate and pulse energy. versus the incident pump power. As shown in Fig. 3.9
(a) the maximum pulse energy is;at 1060nm, which increases slightly from 300uJ to

350uJ. The main reason is that we slightly tilted'the Cr*™* YAG crystal
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Figure 3.9. Pulse energy andspulse repetition rate versus the incident pump power.

with the model of the coupled rate equations, the expression for the pulse energy of

the passively Q-switched has been derived to be given by Eq (3.12)

B TR (3.12)

20y

with the values of parameters as in Table 3.1, the pulse energy could be found to be
289w, 312uJ, 274w, and 256 WJ for 1050nm, 1060nm, 1070nm, and 1080nm. These
values agree well with the experimental result. Furthermore, the present pulse
energies are comparable with the maximum energy storage capacity of the laser given
by the saturation energy E ;,,=hvA/c (for 1066nm)= 397uJ.

A typical oscilloscope trace of Q-switched pulse train is shown in Fig. 3.10(a).
With the optimum alignment, the pulse-to-pulse stability was found to be
approximately +15%. The pulse-to-pulse stability may be improved by the
angle-cleaved end facets of the fiber. Figure 4.10 shows the temporal domain of the

1060nm laser.

57



Table 3.2. The values of parameters of the Cr*":YAG crystal and Yb-doped fiber.

6 (10?'cm?) 3.6 @1050nm, 3.3@1060nm,
3.3@1070nm, 3.2@1080nm [21]

Ggs (1077 cm?) 8.7 [13]

0 (107" cm?) 2.2 [13]

T, 0.25@1050nm, 0.26@1060nm,
0.31@1070nm, 0.35@1080nm

R 0.04

L 0.04

A (10%cm?) 4.9

A 10cm?) 4.9

Figure 3.10 (a) shows the temporal shape of atrain of Q-switched pulses and (b)
shows a single Q-switched pulse envelope. The present.result indicates that the output
peak power can be significantly enhanced by using a fiber with a larger core size and
a saturable absorber with_a lower initial transmission. The spectral information was
measured by an optical spectrum analyzer (Advantest Q8381A) that utilizes a grating
monochromator for the high speed measurement of pulse light with the resolution of
0.1 nm. Figure 3.11 shows the output spectrum of the passively Q-switched fiber laser

at an average output power of 14 W. The experimental FWHM line width was

approximately 1 nm.

@ 20 ys/div (b) ~ 100ns/div

Fig. 3.10 (a) Oscilloscope traces of a train of Q-switched pulses, (b) Oscilloscope traces of a

Q-switched envelope.
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Fig. 3.11. Output spectrum of the Q-switched laser at an output power of 16 W.

Dash line: broadband output; solid line: narrowband output

3.4 Analytical model for optimizing the.external cavity of passively

Q-switched fiber lasers

3.4.1 Introduction

Passive Q-switching of fiber lasers can be'achieved by use of crystals as saturable
absorbers. The external Q-switch in the cavity consists of a re-imaging optics to
couple the laser mode into the saturable absorber. In most cases, the average mode
area inside the saturable absorber, A, significantly affects the output pulse energy and
efficiency as mentioned in section 3.1. Therefore, it is of great worth to develop a
design model for optimizing the average mode area inside the saturable absorber.
In this section, I will emphasize again the significance of A for the passive
Q-switching operation and then derive an analytical function to model the influence of
A on the Q-switched laser. The parameters included in this model are the focal
position of the re-imaging mode, the numerical aperture and core size of the laser
fiber, and the initial transmission and thickness of the saturable absorber.

The analytical function enables us to obtain an explicit expression for the
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optimum focal position of the re-imaging laser mode. Under the condition of
minimum A, the optimum magnification of the re-imaging optics is exactly derived
in terms of the physical parameters of the laser fiber and the saturable absorber. The
present model provides a straightforward procedure to determine the optimum
re-imaging magnification for the external cavity of a passively Q-switched fiber laser.
A practical example of an end-pumped Yb-doped fiber laser with a Cr*":YAG crystal

as a saturable absorber is considered to illustrate the utilization of the present model.

3.4.2 Background

In section 3.1 we have derived the relation between the population of gain

medium and saturable absorber as

ngs =ng, (nij 5 (39)

and
O-g

. A
£ . 3.10
= (3.10)

1
a ==
y o

We denote the quantity to be the bleaching rateé parameter (BRP) because its value

determines the bleaching rate after the population inversion density reaches the initial

threshold value. We replace In(n,/n,) withxin (3.12) and (3.15) as

g4 ln(ljx, (3.36)
20y \R

and

(x_l—e'“j:(), (3.37)

Note that in the calculation of the pulse energy with Eq. (3.36) the effect of cavity
losses is included in the process of solving Eq. (3.37) with the parameter L.
Furthermore, the nonlinear effects are not included in the present model because of
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the property of large mode areas of the fiber lasers studied here. Eq. (3.9) manifests
that the larger is the BRP, the faster is the saturable absorber bleached. As a
consequence, the larger is the BRP, the higher is the output efficiency of a passively
Q-switching laser [1-4]. As indicated in Eq. (3.10), the BRP is proportional to the
effective ratio A/A, for a given gain medium and a given saturable absorber.
Therefore, the optimization of the effective ratio A/A, is essentially critical for
developing an efficient passively Q-switched laser. For a given fiber laser, the
maximization of the effective ratio A/A, is directly related to the minimum 4, , as
illustrated in Fig. 3.12. Since the minimum 4, is governed by the re-imaging
magnification M of the external cavity, it is of practical usefulness to derive the
optimum magnification in terms of the physical parameters of the laser fiber and the

saturable absorber.

o

Fig. 3.12. Schematic illustration of the external cavity in a passively Q- switched fiber laser. @,

is the beam waist of the laser mode; Z, is the position of the beam waist.

3.4.3 Optimization of Re-imaging Magnification

The laser mode size in the saturable absorber is generally given by [22]

0,(2) = o 1+[C(z-z, )] (3.38)

with
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(3.39)

where @, 1s the beam waist of the laser mode, z, is the position of the beam waist,
is the laser wavelength, M’ is the beam-quality factor, n, is the refractive index of

the saturable absorber, and the point z=0 1is set at the incident surface of the

saturable absorber. For a given core radiusr,, the beam waist in the saturable

absorber is directly related to the re-imaging magnification M by
o, =Mr, . (3.40)

With the brightness theorem, the beam-quality factor M’ can be given by

M (N ) (7] 2), (3.41)

where NA is the numerical. aperture-of the laser fiber., Substituting Egs. (3.40) and
(3.41) into Eq. (3.39), the factor C can be exptessed as

v Z"fr . (3.42)

The average mode area in the saturable absorber, A , can be properly in terms

of the mean square of the average mode size as
A =r{o]) (3.43)

with

la _
[F 0@ e d:

L, _ )
J‘ e %57y

0

, (3.44)

(@)

where [ is the thickness of the saturable absorber and the weighting function

—n

e "7*" comes from the absorption effect. Eq. (3.44) is based on averaging along
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the decaying beam in the single-pass geometry. To take the round-trip effect into

account, the effective beam area factor can be expressed as
Ly —n, 0, -n o, (21, —
I wf&)&zw%z+emaxan}dz
0

s
.[la |:e—nwogx z n e—nwagx(Zl“—z)j| dz
0

Figure 3.13 shows a comparison for the calculated results <a)sz> obtained with Egs.

(3.45)

(3.44) and (3.45) for a typical case with the parameters of NA=0.04, », =12.5 pm,
n,=182, T,=04,and [/, =2 mm. The influence of the round-trip effect on the
effective beam area can be clearly found to be insignificant. Since Eq. (3.44) for the
single-pass approximation leads the derivation to be more concise, it is used for
optimizing the effective beam area. On the other hand, the standing-wave effect is
omitted because the multi-longitudinal mode operation of long fibers reduces this

effect.

3000 ¢ . . . . . . .

single pass g
------- round tnp -.' -
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<o/>  (um’)
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0 1 1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 15 2.0 2.5 3.0

z, (mm)
Fig. 3.13. A comparison for the calculated results <a)2> obtained with Egs. (16) and (17) for a

typical case with the parameters of NA =0.04, r.=12.5 ym, n, =1.82,7,=0.4,and /,=2mm.
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Substituting (3.38) into (3.44), the integration can be exactly carried out and the

average mode area is expressed as

A =m0’ C* iz} -2z, 1 L ___L
‘ In(1/7)) 1-T,

1 217 T 2
+|—+ . -1 2 1+
{cz (n1/T)) ° (1—T0 j( ln(l/Tu)H}

Note that the expression of Eq. (3.46) is in term of the initial transmission 7, instead

. (3.46)

of n o, because T, isa macroscopic property of the saturable absorber and can be

50 gs

definitely measured.
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Fig. 3.14. Dependence of the average mode area on the focal position for several T, values.

Figure 3.7 shows a calculated example with Eq. (3.46) and the parameters of
NA=0.04, r~12.5 um, n,=1.82, and /,=2 mm to demonstrate the dependence of the
average mode area on the focal position for several 7, values. It can be seen that
there is an optimum focal position for minimizing the average mode area. The
optimum focal position, z,,;, for the minimum mode area can be analytically
determined by partially differentiating Eq. (3.46) with respect to z, and setting the
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resulting equation equal to zero:

04l gpwrcrdz —1|—L L g (3.47)
0z,|. . v In(1/7,)) 1-T,
Eq. (3.47) leads to the z,, to be given by
z, . =1 L ___L . (3.48)
v In(1/T) 1-T,

Eq. (3.48) indicates that the optimum focal position depends only on /, and 7, i.e.
the properties of the saturable absorber. Substituting Eqgs. (3.40), (3.42) and (3.48)

into (3.46), the average mode area.at the optimum focal position is then given by

_ 2 > [(NA) 1) U
As—ﬂ{%l e [(111(1/7;))2 (1—T0)2” . (3.49)

The optimum magnification, M,,,, for minimizing the mode area can be analytically
determined by partially differentiating Eq. (3.49) with respect to M and setting the

resulting equation equal to zero:

0 A,
OM

2 72
=7 2moptrf—2(]f‘4) fa{ ! - L 2} =0 . (3.50)
n! My, [(n(/T)) (1-T,)

M=M,),

Consequently, the M, is given by

L (NA? 1] 1 T 1/4
mo’”_{ n’r? {(111(1/@))2 (1_T)z” : (3.51)

o

Eq. (3.51) indicates that the optimum re-imaging magnification M,, can be
straightforwardly determined with the NA and core radius of the laser fiber as well as

the thickness and initial transmission of the saturable absorber. Figure 3.15 depicts a
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calculated example with Eq. (3.49) and the parameters of, NA=0.04, r.=12.5 4 m,
n,~=1.82, and 7,=0.5 to reveal the dependence of the average mode area on the
magnification M for several /, values. The dashed line in Fig. 3.15 shows the

minimum average mode areas corresponding to the optimum magnification M,,,.

4000

3000

2000 |

A_ (umd)

1000

Fig. 3.15. Dependence of the average mode area on the magnification for several /, values.

3.4.4 Experimental Results

To illustrate the utility of the present model, a Yb-doped fiber laser with a Cr*":YAG
crystal as a saturable absorber is considered. The experimental setup was the same
as that in section 3.3 except the fiber used here was a 1.5-m long fiber with a core
diameter of 25 um and a numerical aperture of 0.04. The pump source was a 13-W
976-nm fiber-coupled laser diode with a core diameter of 400pum and a NA of 0.22. A
focusing lens with 25 mm focal length and 92% coupling efficiency was used to
re-image the pump beam into the fiber through a dichroic mirror with high
transmission (>90%) at 976 nm and high reflectivity (>99.8%) at 1075 nm. The pump
spot radius was approximately 200um. The Cr*":YAG crystal has a thickness of 1.57
mm with 40% initial transmission at 1075 nm. Both sides of the Cr*":YAG crystal

were coated for antireflection at 1075 nm (R<0.2%). The saturable absorber was
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wrapped with indium foil and mounted in a copper block without active cooling.

Substitution of the experimental parameters of NA=0.04, r =125 gy m,
n,=182, T,=04, and /, =1.57 mm into Eq. (3.47) yields M ,=0.88. With

the available optics, we setup an external cavity to obtain a re-imaging magnification

of M,=0.9 that nearly achieves the optimum value of M , =0.88. A translation

stage was used to adjust the longitudinal position of the Cr*":YAG crystal for
investigating the influence of the focal position on the average mode area as well as
the output performance.

Figure 3.16 shows the experimental results for the dependence of the output
pulse energy on the focal position at an incident pump power of 10 W. The

theoretical calculations based on Egs. (3.36) and (3.37) and the parameters of ¢ =
24x107" em® [21], o,=8.7x10"% cm’ [13],6,=22x10 " cm’ [13], R=0.04 , and
L = 0.04 are also shown in.this figure for comparison. ' It can be seen that the output
energy is significantly influenced by the focal position and.the optimum focal position

agrees very well with the theoretical.analysis.of-.z;, = 0.67 mm.
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Fig. 3.16. Experimental and theoretical results for the output pulse energy as a function of

the focal position. Symbols : Experimental data. Solid line : Calculated results .
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Fig. 3.18. Pulse repetition rate and pulse energy versus the incident pump power at the

optimum focal position.

Although most of the fiber lasers can get CW lasing between facets without the
external high-reflection cavity, the threshold of the fiber laser with an external
high-reflection cavity is considerably lower than that of the fiber laser without

external feedback. Experimental results reveal that the threshold of the passively
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Q-switched fiber laser with an external cavity is also usually lower than that of CW
free-running operation between facets, as shown in Fig. 3.17. Therefore, the CW
lasing between facets can be completely prevented in the presence of the external
high-reflection cavity with a saturable absorber. Since the external cavity dominates
the lasing, the couple-cavity effect arising from facets is insignificant in the
performance of the passive Q-switching operation. Figure 3.18 shows the pulse
repetition rate and the pulse energy versus the incident pump power at the optimum
focal position. The pulse repetition rate initially increases with pump power, and is
approximately up to 22 kHz at an incident pump power of 10 W. Like typically
passively Q-switched lasers, the pulse energies weakly depend on the pump power
and their values are found to be approximately 210 ¢£J. The pulse width is found to

be in the range of 60—70 ns, as shown in the inset of Fig. 3.18.

300 - -

250 |- (o) -

200 -

150 |
7,=0.6, [ =2.6 mm, M=0.7

Pulse energy (uJ)

100 -

50

z. (mm)
Fig. 3.19. Experimental and theoretical results for the dependence of the output pulse energy on the
focal position at incident pump power of 10 W. Symbols : experimental data. Solid line :

calculated results.

To validate the developed models, two more experiments were performed with
other saturable absorbers (7, =0.3, /, =3.0mm and 7, =0.6, /[, =2.6mm ) and a

re-imaging magnification of M_ =0.7. Figure 3.19 shows the experimental results
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for the dependence of the output pulse energy on the focal position at an incident
pump power of 10 W. The good agreement between experimental results and

theoretical predictions confirms the validity of our physical analysis.

3.5 Conclusion

In this chapter we have developed an analytical model for the optimization of the
external cavity with a saturable absorber in a passively Q-switched fiber laser. From
the criterion of the minimum average mode area inside the saturable absorber, the
optimum focal position was derived to be an analytical function of the thickness and
initial transmission of the saturable absorber. With the expression of the optimum
focal position, the optimum magnification of the re-imaging optics was exactly
derived to be a compact close form in terms. of the physical properties of the laser
fiber as well as the saturable absorber. _The present model provides a straightforward
procedure to determine the key parameters for optimizing passively Q-switched fiber
lasers. Based on the _analytical model; we have demonstrated an efficient
high-pulse-energy and high-average-pewer passively: Q-switched Yb-doped fiber
laser with a Cr*":YAG crystal ‘as'a saturable absorber in an external-Q-switch
configuration. Greater than 14/W of an average output power at a repetition rate of
39 kHz was generated with a 26-W diode pump power. It is believed that this
efficient Q-switched fiber laser should be a useful light source for technical

applications because of its high average power as well as high peak power.

70



Reference

1.

10.

11.

12.

J. J. Degnan, “Optimization of passively Q-switched lasers,” IEEE J. Quantum
Electron. 31, 1890-1901 (1995).

X. Zhang, S. Zhao, Q. Wang, Q. Zhang, L. Sun, and S. Zhang, “Optimization of
Cr4+-doped saturable-absorber Q-switched lasers,” IEEE J. Quantum Electron.
33, 2286-2294 (1997).

G. Xiao and M. Bass, “A generalized model Q-switched lasers including excited
state absorption in the saturable absorber,” IEEE J. Quantum Electron. 33,
41-44 (1997).

Y. F. Chen, Y. P. Lan, and H. L. Chang, “Analytical model for design criteria of
passively Q-switched lasers,” IEEE J. Quantum Electron. 37, 462-468 (2001).

J. J. Zayhowski and P. L. Kelley, “Opimization of Q-switched Lasers,” IEEE J.
Quantum Electron.27, 222052225 (1991).

Y. Shimony, Z. Burshtein, and Y. Kalisky, “ Cr :¥AG as passive Q-switch and
brewster plate in a pulsed Nd:YAG ‘laser,” IEEE=J. Quantum Electron. 31,
1738-1741 (1995).

Z. Burshtein, P. Blau, Y. Kalisky; Y. 7Shimony, and M. R. Kokta, “Excited-state
absorption studies of Cr.ions in several garnet host crystals,” IEEE J. Quantum
Electron. 34, 292-299 (1998).

S.-H. Yim, D.-R. Lee, B. K. Rhee, and D. Kim, “Nonlinear absorption of
Cr :YAG studied with lasers of different pulsewidth,” Apl. Phys. Lett. 73,
3193-3195 (1998).

N. L. Borodin, V. A. Zhitnyuk, A. G. Okhrimchuk, and A. V. Shestakov,
“Oscillation of a Y3 Als Oy3 : Cr*" laser in wave length region of 1.34-1.6 um,”
Izvestiya Akademii Nauk SSSR, 54, 1500—-1506 (1990).

H. Ridderbusch and T. Graf, “Saturation of 1047- and 1064-nm absorption in
Cr*":YAG Crystals,” IEEE J. Quantum. Electron. 43, 168-173 (2007).

Z. Burshtein, P. Blau, Y. Kalisky, Y. Shimony, M.R. Kokta, “Excited-State
Absorption Studie of Cr*" Ions in Several Garnet Host Crystals,” IEEE J. of
Quantum Electron. 34, 292-299 (1998).

R. Moncorge, H. Manna, F. Deghoul, Y. Guyot, Y. Kalisky, S.A. Pollack, E.V.

71



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zharikov, M. Kokta, “Saturable and excited state absorption measurements in
Cr*":LuAG single crystals,” Optics Commun. 132, 279-284 (1996).

Y. Shimony, Z, Burshtein and Y. Kalisky, “Cr*":YAG as passive Q-switch and
Brewster plate in a pulsed Nd:YAG laser,” IEEE J. Quantum Electron. 31,
1738-1741 (1995).

L. M. Frantz and J. S. Nodvik, “Theory of pulse propagation in a laser
amplifier,” J. Appl. Phys. 34, 2346-2349 (1963).

J. Dong, P. Deng, Y. Liu, Y. Zhang, J. Xu, W. Chen and X. Xie, “Passively
Q-switched Yb:YAG laser with Cr*":YAG as the saturable absorber,” Appl. Opt.
40, 4303-4307 (2001).

J. 1. Mackenzie and D. P. Shepherd, “End-pump, passively Q-switched Yb:YAG
double-clad waveguide laser,” Opt. Lett. 27, 2161-2163 (2002).

H. Wu, P. Yan, M. Gong and- Q. Liu, “A passively Q-switched diode pumped
Yb:YAG microchip laset,” Chin. Optl Lett. 1, 697-698 (2003).

V. E. Kisel, A. E. Troshin, N. A. Tolstik, V. G. Shcherbitsky, N. V. Kuleshov, V.
N. Matrosov, T. A. Matrosova and M. 1. Kupchenko, “Q-switched Yb*:YVO4
laser with Raman self=conversion;Appl=Phys. B 80, 471-473 (2005).

X. Zhang, A. Brenier, Q.;Wang, Z. Wang, J. Chang, P. Li, S. Zhang, S. Ding and
S. Li, “Passive Q-switching" characteristics of Yb*":Gd3Ga5012 crystal,” Opt.
Express 13, 7708-7719 (2005).

Y. Kalisky, O. Kalisky, U. Rachum, G. Boulon and A. Brenier, “Comparative
performance of passively Q-switched diode-pumped Yb:GGG, Yb:YAG and
Yb-doped tungstates lasers using Cr*"-doped garnets,” Proc. of SPIE Vol. 6100,
61001K (2006).

K. Lu and N. K. Dutta, “Spectroscopic properties of Yb-doped silica galss,” J.
Appl. Phys. 91, 576-581 (2002).

A. E. Siegman, Laser, (University Science Books, Mill Valley, 1986).

72



Chapter 4  Passively Q-switched Ytterbium Fiber Lasers by

AlGalnAs semiconductor saturable absorbers

4.1 Semiconductor saturable absorbers

In addition to transition mental-doped crystals such as Cr*":YAG crystals mentioned
in chapter 4, semiconductors based saturable absorber is an alternative material for
passively Q-switched laser. Q-switching by semiconductor saturable absorbers
offers more flexible parameters such as operating wavelength, modulation depth,
unsaturated and saturated absorption, and recovery time. They are achieved by
controlling band gap parameters, number;0f . QWs, co-doping or growth technology
[1~2]. To date semiconductors have been employed many optical elements such as
lasers, LEDs, solar cells. Besides, they_have proved to be excellent candidate for
self-starting of passively ‘mod=locked fiber-lasers [3] and Q-switched fiber lasers
[4~5]. The main advantage of taking sémiconductors material as saturable absorber
is their short recovery timein the time scale of ns to ps: Compared with Cr*": YAG
crystals or other monolithi¢ crystals, semiconductors are able to provide
continuous-wave mode-locking and “their large absorption cross section profit
capturing photons in Q-switched lasers. Among the semiconductor saturable
absorbers, InGaAs and AlGalnP materials are the most common in Q-switched lasers
[4, 6-7]. Recently AlGalnAs quaternary alloys semiconductors have been confirmed
with the merits of larger conduction band offset [8] (meaning a better electron
confinement than InGaAsP materials) and lattice-matching to the InP substrate. It is
note that choice of InP based alloys provides higher thermal conductivity than GaAs
or AlGaAs based alloys [9, 10]. On the other hand the available range of operating
wavelength of AlGalnAs can be seen in Fig. 4.1. AlGalnAs can be alloyed with the
ternary alloys of InAlAs and InGaAs. It is noted they are both lattice-matched to InP
substrates with lattice constant of 5.67A. The energy gap of AlGalnAs is

determined by the composition of InAlAs and InGaAs and is tunable from 0.75eV to
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1.37eV (1.65um to 0.9um). The advantages reveal that AlGalnAs quaternary alloys
are potentially applicable as gain mediums in semiconductor lasers or saturable
absorber in Q-switching or mode-locking lasers. Recently AlGalnAs have been
employed as semiconductor lasers [11, 12] and saturable absorbers for Q-switching a
solid-sate laser [13].

In this section, two periodic AlGalnAs multi quantum wells have been
employed as saturable absorbers for Yb-doped and Er/Yb codoped fiber lasers. The
structure of semiconductor saturable absorber is shown in Fig. 4.2, which was grown
on Fe-doped InP substrate by metalorganic chemical-vapor deposition (MOCVD).
Instead of the conventional S-doped InP substrate, a Fe-doped InP substrate is used
because it is almost transparent in the region of 940 nm~1.6 um. The region of the
saturable absorbers consist periodic groups of several QWs, spaced at
half-wavelength intervals by bartiér layers. It is worthwhile to mention that, compared
with a conventional SESAM structure, ithe missing DBR significantly simplifies the

structure and thus growth and yield.
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Fig. 4.1. Energy gap versus lattice constant in InGaAs-InP-InAlAs system
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Since the cavity modes with lower losses always dominate the lasing output, the
lasing modes are naturally the modes with the electric field minima along the periodic
QWs. Therefore the barrier layers are used not only to confine the carriers but also to
locate the QW groups in the region of the nodes of the lasing standing wave. An InP
window layer was deposited on the QW/barrier structure to avoid surface

recombination and oxidation.

InP window layer

T s
3

AlGalnAs QWs

Periodic <
QWs

Fig. 4.2. Structure of periodic AlGalnAs QWs saturable absorbers. The periodic structure
means the region of the saturable absorbers consist periodic groups of several QWs, spaced

at half-wavelength intervals by barrier layers.
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4.2 Passively Q-switched Yb-doped fiber lasers with AlGalnAs
MQW saturable absorbers

In this section I demonstrated a high-pulse-energy passively Q-switched Yb-doped
fiber laser with an AlGalnAs/InP QW saturable absorber. With an incident pump
power of 24 W, an average output power of 14 W with a Q-switched pulse width of 80
ns at a pulse repetition rate of 33 kHz was obtained; consequently, the maximum
pulse energy was up to 450 uJ. More importantly, the overall Q-switching efficiency

could exceed 90% because of a low nonsaturable loss.

4.2.1 The AlGalnAs periodic MQW semiconductor saturable absorber for
1pm
The structure of the semiconductor saturable absorber was grown on InP substrate and
is consisted of 50 groups of three QWs, spaced at half-wavelength intervals by
InAlAs barrier layers with=the band-gap wavelength around 805 nm. Figure 4.3
shows the measured result' for photoluminescence in=(a) and the low-intensity
transmittance spectrum in«(b) of the QW:saturable absorber. The initial transmission
of the absorber at the wavelength-of,1066-nm-was found to be approximately 40%.
Fig. 4.4 shows the absorption saturation experiment and that reveals that the
absorption change between low and high'intensities was observed to be approximately
65% in a single pass and the total nonsaturable losses were lower than 9%. It is noted
that there is roll-over in transmission at higher incident energy fluence of over
70mJ/cm®. That is explained as nonlinear optical effects such as two photon
absorption by Keller et al [14]. The roll-over provides some advantages in
mode-locked lasers. However in Q-switching experiment a intracavity-induced
lowered modulation depth would diminish pulse energy and may affects pulse
stability. Furthermore, the saturation fluence of the saturable absorber was estimated
to be in the range of 3mJ/cm” and its relaxation time was on the order of 100 ns. An
InP window layer was deposited on the QW/barrier structure to avoid surface
recombination and oxidation. The backside of the substrate was mechanically

polished after growth. The both sides of the semiconductor saturable absorber were
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antireflection coated to reduce back reflections and the couple-cavity effects.
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Fig. 4.3. (a) Photoluminescence and (b) low-intensity transmission spectrum of the

AlGalnAs semiconductor saturable absorber for 1.06 um.
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Fig. 4.4. Measured results of saturation of the AlGalnAs semiconductor

4.2.2 Experimental setup

The schematic of the experimental setup_for the passively.Q-switched Yb-doped fiber
laser is shown in Fig. 4.5. The setup comprisesa3-m Yb doped fiber and an external
feedback cavity with a periodic AlGalnAs QW/barrier structure as a saturable
absorber. The external cavity comprises a, re-imaging lens, a saturable absorber, a
Fabry-Pérot etalon for controlling the lasing wavelength, and a highly reflective
mirror at 1.06um for feedback. The end facets of the fiber were cut to be normal
incident. The fiber has a peak cladding absorption coefficient of 10.8 dB/m at 976 nm
and a double-clad structure with a diameter of 350 um octagonal outer cladding,
diameter of 250 um octagonal inner cladding with a numerical aperture (NA) of 0.46,
and 25-pum circular core with a NA of 0.07. Note that the robust single-mode output

was achieved with a unique low NA feature of the core.

The pump source was a 10-W 976-nm fiber-coupled laser diode with a core
diameter of 400 um and a NA of 0.22. A focusing lens with 25 mm focal length and
90% coupling efficiency was used to re-image the pump beam into the fiber through a

dichroic mirror with high transmission (>90%) at 976 nm and high reflectivity
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(>99.8%) at 1066 nm. The pump spot radius was approximately 200 pm. With
launching into an undoped fiber, the pump coupling efficiency was measured to be
approximately 80%. The pulse temporal behavior was recorded with a digital
oscilloscope (LeCroy Wavepro 7100; 10G samples/sec; 1 GHz bandwidth) and a fast
InGaAs photodiode. The laser spectrum was measured by an optical spectrum

analyzer with 0.1-nm resolution (Advantest Q8381A).

Fiber-coupled LD @976 nm

G cavity

Yb doped double-clad fiber; clad/core: Dia. 250/30 ¢ m
yo= NA >0.46 /<0.07

HT@976 nm '
HR@1030~1100 nm !

yﬂ j \ H)

HR @ 1030~1100 nm

Laser output

Fig. 4.5. The schematic plot of the fiber lasers passively Q-switched by AlGalnAs semiconductor

saturable absorbers

4.2.3 Results and discussions

Figure 4.6 shows the average output powers with respect to the incident pump power
in cw and passive Q-switching operations for resonant wavelength at 1066nm,
1073nm, 1079nm, and 1083nm. The cw operation was performed to make an
evaluation for the passively Q-switched efficiency. Without the saturable absorber in
the cavity, the laser had an output power of 16 W at an incident pump power of 24 W
in a cw operation and the corresponding slope efficiency was 77%. In the passive
Q-switching operation, average output power over 14 W were obtained for all
resonant wavelengths at incident pump power of 24 W. The corresponding
Q-switching efficiencies can be found to exceed 90%. It is emphasized again due to

the lasing modes are naturally the modes with the electric field minima along the
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periodic QWs. Consequently, compared with the resonant design in the SESAM
structure [4], the anti-resonant one owns a higher damage threshold due to the optical
intensity is lower and can be operated at high power regime. The superior
Q-switching efficiency confirms that the AlGalnAs QW material can be exploited to
be an efficient saturable absorber. The lasing linewidth was narrower than 2.0 nm with
the help of a FP bandpass filter with a bandwidth of 5 nm, as shown in the inset of Fig.
4.7. The M? factor was also measured to be less than 1.5 over the complete output

power range thanks to the low NA feature of the fiber.
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Fig. 4.6. Average output powers with respect to the incident pump power in cw and

passive Q-switching operations for resonant wavelength at 1066nm, 1073nm, 1079nm,

Figure 4.8 shows the pulse repetition rate versus the incident pump power. It
can be seen that the pulse repetition rate increases monotonically with the pump
power. The pulse repetition rates for the 4 wavelengths at the highest pump power are
90 kHz at 1083nm, 35 kHz at 1073nm, 68 kHz at 1079nm, and 30 kHz at 1066nm.
It is worthy-noting that according to the PQS theory, there exists a lowest modulation
depth for generating a giant pulse stably. For resonant wavelengths at 1079nm and

1083nm, they achieved first laser threshold at the pump power over 3.8 W and

80



radiated laser with slightly and randomly modulated pulse. With the increasing
incident pump power, they did not obtain giant pulse periodically until the pump

power exceeds 8W.
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Fig. 4.7. Output.spectral spectrum of.the passively Q-switched fiber laser.

Besides, the pulse energies is shown in Figi4.9 for the 4 wavelengths: 160 pJ
at 1083nm, 170 pJ at 1073nm, 350 uJ at 1079nm, and 450 pJ at 1066nm at maximum
pump power. It is noted that the pulse energies are increasing with the incident
pump power, which shows that saturable absorber is not totally transparent before
pump power of 23W. The experimental results are compared with the theoretical
prediction in Fig. 4.10. The experimental results shown in Fig. 4.10 are the pulse
repetition rate and pulse energy versus resonant wavelength at the maximum pump
power. The simulation parameters used here are identical to those employed in
chapter 4 except that the absorption cross-section cga of saturable absorbers, which
was taken as 8.7x10™* cm?, and the parameter of B is zero here due to semiconductors
are 2-level systems [15]. It is noted that the cross-section of semiconductors is much
larger than the Cr*":YAG crystal due to their short recovery time. Fig. 4.10 (a) and (b)
show the comparisons of the experimental and theoretical results of pulse repetition
rate and pulse energy respectively. The outcomes of prediction agree well with the
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experimental results.
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The pulse duration at the 1066nm, as shown in Fig. 4.11 (a), was found to be
almost constant at 75 ns at maximum pump powers. As a consequence, the maximum
peak power reaches approximately 6 kW. A typical oscilloscope trace of a train of

output pulses is shown in Fig. 4.11 (b). Under the optimum alignment condition, the
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pulse-to-pulse amplitude fluctuation was found to be withint10% . In passively
Q-switched Yb-doped fiber lasers, on the whole, the performances with AlGalnAs

QW saturable absorbers are superior to the results obtained with Cr*":YAG crystals .

(@) 50ns/div (b) 100 ¢ s/div

Fig. 4.11. (a). Oscilloscope traces of-a train of Q-switched pulses, (b) Oscilloscope traces of a

typical Q-switched envelope:

4.3 Passively Q-switched Ex/YDb codoped fiber.lasers with AlGalnAs

saturable absorbers
In this section I introduced at first several saturable absorbers of Q-switched fiber
lasers in the region of eyesafe. Then I report on a high-pulse-energy passively
Q-switched Er/Yb codoped fiber laser with an AlGalnAs/InP QW saturable absorber.
With an incident pump power of 13 W, an average output power of 1.26 W with a
Q-switched pulse width of 300 ns at a pulse repetition rate of 33 kHz was obtained;
consequently, the maximum pulse energy was up to 100uJ. A mode-locking
phenomenon enhances the peak power higher than 0.5 kW. The overall Q-switching

efficiency could exceed 84% because of a low nonsaturable loss.

4.3.1 Introduction to saturable absorbers used in Q-switched eye-safe lasers

Nowadays, the most common monolithic saturable absorbers in the eye-safe
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wavelength regime are the transition metal-doped crystals, including Co*":ZnSe [16],
Co*":ZnS [17], Cr*":ZnSe [18], and Co*:MgAL,O4 [18]. The absorption band of Co*"

ion and Cr*"ion ranges from 1.4 pm~2.5 pm and 1.4 pm~2.5 pum respectively.

Table 4.1. The monolithic saturable absorbers in the region of 1.5 pm.

SA Lifetime | 6g5/ 0gq (101%cm?) Results Fiber Active
(ns) B , % T, parameters medium

Co?":MgAl;04 | 0.34 NA 22pJ, 370 ns 12pm, Er/Yb

[18] 2.4-two level 60W@60kHz NA=0.22
40, 45%

cr2t.znsel 181 8 0.2/3.4 18pJ, 380 ns same as Er/Yb
0.06, 57, 30% 45W@70kHz above

Co2t:znsl[17] 200 1.1/10 60pJ, 3.5 ns 11 pm, NA~ | Er/Yb
0.11, 102,67% >10 kW@6kHz 0.21

Co2T:7nSel16] 290 1.1/11.5 15 nJ;43 mW, 2.7 um, NA~ | Er
0.096; 117, 92% 350 ns @235kHz 0.27

In addition to the transition metal-doped crystals, semiconductors are one of the
candidates for saturable absorbers in the eyesafes region. The semiconductor
saturable-absorber materials for /passively-Q-switched fiber lasers at 1.5 pm are
merely so far based on the InGaAsP thick layer [19] and the InGaAs quantum well
(QW) [20]. As mentioned before AlGalnAs semiconductors possess larger conduction
band offset and lattice-matching to the InP substrate, which benefits operation in high

power regime.

4.3.2 The AlGalnAs periodic MQW semiconductor saturable absorber for 1.5
pm

The structure of the semiconductor saturable absorber was grown on InP substrate and

consisted of 30 groups of two QWs, spaced at half-wavelength intervals by AlGalnAs

barrier layers with the band-gap wavelength around 1.1 um. Figure 4.12 shows the

measured result for photoluminescence in (a) and the low-intensity transmittance

spectrum in (b) of the QW saturable absorber. The initial transmission of the absorber
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at the wavelength of 1560 nm was found to be approximately 23%. Fig. 4.13 shows
the absorption saturation experiment and that reveals that the absorption change
between low and high intensities was observed to be approximately 70% in a single
pass and the total nonsaturable losses were lower than 5%. Furthermore, the saturation
fluence of the saturable absorber was estimated to be in the range of 4mJ/cm” and its

relaxation time was also on the order of 100 ns.
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Fig. 4.12. (a) Photoluminescence and (b) low-intensity transmission spectrum of the

AlGalnAs semiconductor saturable absorber for 1.5 pm.
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An InP window layer was deposited on the QW/barrier structure to avoid surface
recombination and oxidation. The backside of the substrate was mechanically
polished after growth. The both sides of the semiconductor saturable absorber were

antireflection coated to reduce back reflections and the couple-cavity effects.
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Fig. 4.13. Measured results of saturation of the AlGalnAs semiconductor

4.3.3 Experimental setup

Figure 4.14 depicts the schematic of the experimental setup for EYDFL that
comprises a 7-m Er-Yb codoped fiber and an external feedback cavity with a periodic
AlGalnAs QW/barrier structure as a saturable absorber. The fiber has an absorption
coefficient of 3.0 dB/m at 976 nm and a double-clad structure with a diameter of
450-um octagonal outer cladding, diameter of 300-um octagonal inner cladding with
a numerical aperture (NA) of 0.46, and 25-pum circular core with a NA of 0.1. Note
that the LMA fiber featuring a unique low NA core design is used to achieve the
robustly single-mode output beam quality with high pulse energies. The external
cavity consists of a focusing lens of 25-mm focal length to focus the fiber output into

the SESA device and a highly reflective mirror for feedback. The focusing lens was
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arranged to have a beam waist of 50 um inside the SESA. The SESA was mounted
in a copper block without active cooling. The pump source was a 16-W 976-nm
fiber-coupled laser diode with a core diameter of 400 um and a NA of 0.22. A
focusing lens with 25 mm focal length and 85% coupling efficiency was used to
re-image the pump beam into the fiber through a dichroic mirror with high
transmission (>90%) at 976 nm and high reflectivity (>99.8%) at 1560 nm. The

pump spot radius was approximately 200 pm.

Fiber-coupled LD @976 nm

C] cavity

Er/Yb doped double-clad fiber; clad/core: Dia. 300/25 ¢m
- NA : >0.46 /<0.07
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HR@1530~1600 nm :
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Yb lasing HR @ 1530~1600 nm

Laser output

Fig. 4.14. The schematic plot of the fiberlasers-passively Q-switched by AlGalnAs

semiconductor saturablesabsorbers.

4.3.4 Experimental results and discussions

Figure 4.15 shows the average output powers at 1560 nm with respect to the incident
pump power in cw and passively Q-switching operations. The cw performance at
1560 nm provides the baseline for evaluating the passively Q-switched efficiency.
Without the semiconductor saturable absorber in the cavity, the cw laser at 1560 nm
had an output power of 1.50 W at an incident pump power of 13.5 W. In the
passively Q-switching regime, an average output power of 1.26 W was obtained at an
incident pump power of 13.5 W. As a consequence, the Q-switching efficiency was
found to be as high as 84%. The pulse temporal behavior was recorded by the
LeCroy digital oscilloscope with a fast InGaAs photodiode. Figure 4.16 shows the
pulse repetition rate and the pulse energy versus the incident pump power. The pulse
repetition rate increases monotonically with the pump power up to 12 kHz. Like
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typically passively Q-switched lasers, the pulse energy is almost unrelated to the
pump power and its value is 105 pJ on average.

A typical oscilloscope trace of Q-switched pulse train is shown in Fig. 4.17 (a).
With the optimum alignment, the pulse-to-pulse stability was found to be
approximately £15% as the pump power is higher than 8 W. The pulse-to-pulse
stability may be improved by the angle-cleaved end facets of the fiber. Figure 4.17
(b) shows the temporal shape of a single Q-switched pulse envelope, which was
recorded at the maximum pump power. It can be seen that the self-mode-locking
effect [21, 22] leads to the formation of the mode-locked pulses inside the Q-switched
pulse envelope. The separation of the mode-locked pulses was found to be 80 ns,
which matched exactly with the cavity roundtrip time and corresponded to a repetition

rate of 12.4 MHz.
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Fig. 4.15. Average output powers with respect to the incident pump power in

cw and passive Q-switching operations.
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4.4  Conclusion

In this chapter we employed AlGalnAs semiconductor saturable absorbers to
Q-switch Yb doped and Er/Yb doped fiber lasers. Semiconductor saturable
absorbers possess the merits of tailored gain region and higher absorption
cross-section than bulk saturable absorbers. By use of the semiconductor saturable
absorbers, high-pulse-energy passively Q-switched Yb-doped and Er/Yb codoped
fiber lasers have been developed. The Yb Q-switched fiber laser generated stable
pulses of 75 ns duration with an average output power of 14 W and a repetition rate of
30 kHz at an incident pump power of 24 W. The overall Q-switching efficiency was
found to exceed 87 %. Besides, tunability was also performed to confirm the
validity of the PQS theory. The Excellent results substantiate that the AlGalnAs QW
material can be exploited to be an efficient absorber with a large modulation change
and a quite low nonsaturable 10ss. - Compared with performances of the Q-switched
laser by a Cr*":YAG crystal, the 87 % of Q-switching-efficiency is slightly slower
owing to the nonsaturable-loss of semiconductor such as®8% of facet reflection even
with AR-coated layer. On the othershand Q-switched:by the AlGalnAs/InP QW
saturable absorber, higher “gain. is-stored-due-to the ESA effect limit the Cr*":YAG
crystal to achieve higher transpatency, i.e. higheér modulation depth. Therefore the
pulse energy in obtained here is higher than that in the Q-switched laser by Cr*":YAG
crystal.  The Er/Yb Q-switched fiber laser can emit greater than 1.26 W of an
average output power at a repetition rate of 12 kHz at 13.5-W pump power.
Moreover, mode-locking phenomenon enhances the peak power higher than 0.5 kW.
The remarkable performance confirms the prospect of using AlGalnAs QWs as
saturable absorbers in passively Q-switched fiber lasers in the region of 1.06 um and

1.5 pm.
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Chap 5  Actively Q-switched Fiber Lasers

5.1 Introduction to active Q-switching

As depicted in section 1.2, the methods to achieve actively Q-switched lasers are so
far by use of mechanical, EO, and AO modulators. Among these Q-switches, the
mechanical type modulators could be manifested by rotating mirrors or prisms [1-2],
modulated mechanically FBGs [3-4], or micro-actuating optical modulators [5]. The
later are developed for all-fiber Q-switched lasers. They are less insensitive to
polarization and wavelength so that they could be operated at longer wavelength (e.g.
several um). However the noise;iishort lifetime of the bearings, and weaker
performance makes them uneommon ingmost.applications. EO modulators (EOM) are
based on electro-induced ' birefringence “in' a medium to modulate the phase,
polarization, and amplitude of incident beéams. However EOM with the high-voltage
driver and the wave plates for Q-switching ate more expensive and bulky. On the
other hand, AOM possesses” the ~merits of -lower cost, lower driving voltage,
high-speed, and high damage threshold; those advantages make AOM the most

common Q-switch in fiber lasers [6-9].

The rate equations describing the active Q-switching are similar with (2.3) and (2.4)
except the terms relative to saturable absorbers are dismissed and the modulation loss
is now g(¢)instead. &£(¢) represents the loss induced by the active Q-switch. For
simplicity we assume that the modulator is so fast that no significant change of
population inversion occurs within the switching process. Then the output pulse

energy E, is the same as that in the PQS:

EP:}’V—Aln(ljln(ﬁ]. (5.1)
20y R n,
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Furthermore we can derive the expression of the population inversion density at

threshold 7, as in section 2.1:

In(1/R)+L
n=———:——, (5.2)
20l

and the relation of the initial and final population inversion densities, »; and ny, as

n—n,= ntln(&j. (5.3)

ng
The pulse peak power P is obtained again by setting d¢/dn to be zero to get then, . .

And we found that n,  happens to equals n, and the peak power is

po VAl sy ( )= hedl (—){n,.—n, (1+1nﬂﬂ. (5.4)
t, g n,
Hence the pulse width can be obtainedsas
P t 1y ln(n,./nf)
T =—== L . (5.5)
" Eg In(l4RY+LaLu,=1—In(m/n,)

To determine n; and nywe have to solve equation (5:3) with the following one, which

indicates the initial population in a CW'pumped Q-switched laser with repetition rate

n,=R 7, {1 -exp [_—;ﬂ +n.exp (_—;J . (5.6)
Ty Tr

As a consequence we can obtain the average power as

P, =Mfl [ j L"—] (5.7)

Fig. 5.1 shows the numerical results of the pulse energy, the pulse width, and the

f:

average power of a Q-switched laser. The average power is close to the CW at high

repetition rate and is proportional to the repetition rate at lower one. The loss is a
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result of that the average stimulated emission is proportional to the repetition rate due
to the finite lifetime of upper level of gain medium. Besides, amplified spontaneous
emission is observed owing to the high gain property in fiber lasers, which could be
stronger than the laser and often misunderstands the measured laser power at low
repetition rate. The pulse width, 7, increases in proportion to the repetition rate
while the pulse energy, E,, decreases at higher repetition rate. As the repetition rate

decreases, the time between pulses is sufficient for the inversion to reach its

maximum valueR 7;, meaning £, and 7, approach nearly constant in accordance

with the finite gain.
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Fig. 5.1. Performance of an actively Q-switched laser. The pulse energy, pulse width,

and average power are presented as a function of repetition rate.
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5.2 Fiber Lasers Q-switched by an acousticoptic modulator

5.2.1 Experimental setup

The schematic of the experimental setup for the passively Q-switched Yb-doped fiber
laser is shown in Fig. 5.2. The setup comprises a 3-m Yb doped fiber and an
external feedback cavity. The external cavity comprises a re-imaging lens, a
Fabry-Pérot etalon for controlling the lasing wavelength, an acousto-optic Q-switch
mounted on a copper heat sink and was chilled actively by water, and a highly
reflective mirror at 1060 nm~1100 nm for feedback. Note that a beam is incident
into an AO Q-switch and then be diffracted by the phase grating resulted from the RF
wave-introduced refractive-index change of the AO crystal. Therefore I will call the
un-modulated condition as RF-off while the modulated one as RF-on in this chapter.
The end facets of the fiber were cut to be normal.incident, so the laser resonator is a
simple Fabry-Perot (F-P) structure. One.side of the cavity was a dichroic mirror and
was coated high reflection. at’ 1030-nm~1100 nm;:the other side was the fiber end
which is cut normally as the lasing output with'~4% reflection. The fiber has a peak
cladding absorption coefficient of 10:8-dB/m at*976 nm and a double-clad structure
with a diameter of 350 pm*octagonal outer cladding, diameter of 250 um octagonal
inner cladding with a numerical aperture (NA)-of 0.46, and 30-um circular core with a
NA of 0.07.

The pump source was a 35-W 976-nm fiber-coupled laser diode with a core
diameter of 400 um and a NA of 0.22. A focusing lens with 25 mm focal length and
90% coupling efficiency was used to re-image the pump beam into the fiber through a
dichroic mirror with high transmission (>90%) at 976 nm and high reflectivity
(>99.8%) at 1066 nm. The pump spot radius was approximately 200 pm. With
launching into an undoped fiber, the pump coupling efficiency was measured to be
approximately 80%. The pulse temporal behavior was recorded with a digital
oscilloscope (LeCroy Wavepro 7100; 10G samples/sec; 4 GHz bandwidth) and a fast
InGaAs photodiode. The spectral information was measured by an optical spectrum
analyzer (Advantest Q8381A) that utilizes a grating monochromator for the high

speed measurement of pulse light with the resolution of 0.1 nm.
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Fig. 5.2. Schematic of diode-pumped actively Q-switched double-clad fiber laser. HT: high

reflection; HR: high reflection

5.2.2 Experimental results and discussions

Firstly the cw operation was examined where the ' AO Q-switch was off (RF off). In
this section we control the resonating wavelength at 1075 nm for the largest output
power as seen in chapter 2. [The AO._Q-switch was coated anti-reflection at
1050~1100 nm to reduce reflective loss. However we still observed that as in Fig. 5.3,
the output power was 95% of the/laser without AO Q-switch inside the cavity. The
modulation loss was measured to be 20 % in single-pass by measuring the power of
undeflected beam at the RF-on and RF-off operation. The RF-signal is turned on at
first to diffract the incident beam, which leads a build-up of population inversion of
the gain medium. Then the Q-factor is switching at the onset of turn-off of the
RF-wave to output a short pulse after some delay. Figure 5.4 shows that the
gating time (i.e. the RF-off time) is set shorter than the pulse build-up time leads a
“missing pulse” and the gain is stored until the next RF-off, at which a stronger
pulse (consuming more population inversion) is generated. Because the amplified
pulse in this situation is stochastic, the pulse train is less stable than a normal
Q-switched laser. Accordingly the gating time have to be set longer than the build-up

time for stable operation.
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Fig 5.4. Plot of the condition that a gating time is shorter than the pulse builds up time.

Figure 5.5 shows the average power as a function of the frequency of the AO
modulation at three different incident pump powers. The Q-switching efficiency is
about 87 % corresponding to a high efficient Q-switching fiber laser. Moreover the
operation frequencies could be operated from 53 kHz to 200 kHz stably at incident

pump power of 24 W and 35 kHz~140 kHz at pump power of 16 W. The upper
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operating frequency is constrained by the fixed pumping rate, an even higher
operating frequency requires higher pumping rate to furnish the population inversion
of the gain medium. The lower limit is due to the pre-lasing resulted from the
feedback of the undeflected beam [1]. As shown in Fig. 5.6 (a), several spiking
signal occur a delay after the Q-switched pulse, which means the RF-on time is too
long to prevent the lasing by feedback of the undeflected beam. An interesting
phenomenon as shown in Fig 5.6 (b) reveals that a mode-locked resembling pulse
occurs beyond the lowest repetition rate. Several groups have attempted to explain it
such as self-phase-modulation induced self-mode-locking [2], the beating of
undeflected beam with 1* order beam [3], harmonics of the modulation frequency
corresponding to round-trip frequency stimulate the laser [4] etc. In our case we
observed that the pulse was modulated by two frequencies corresponding to the
frequency of the external cavity,and the total cavity. At the rise of the Q-switched
pulse it was modulated at the frequencyrof the external*frequency and was modulated

at the frequency of the total'cavity.
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Fig 5.5. Average power as a function of the pulse repetition rate for three incident

pump power.

The SPM induced spectral broadening was about 30 MHz [3], which matched the

frequency of total cavity but shorter than that of the external cavity of 300 MHz.
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Hence it is difficult to judge whether the mode-locked resembling pulse was induced

by SPM. Besides, the pre-lasing is unfavorable for application. However, due to the

high gain of fiber lasers, they are easily to lase even for a weak feed back.

Consequently how to efficiently enhance the modulation loss of Q-switch

is an

important issue in actively Q-switched fiber lasers.
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Figure 5.7 shows the corresponding pulse energy of the average power and the

operating frequency. In this figure there is a clear view of the limited condition that
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there is an upper limit and a lower one of pulse energy. The upper pulse energy is 250

uJ and the lower one is 55 pJ.
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Figure 5.8 shows the corresponding pulse width as a function of pulse repetition rate.
The pulse width is shortened from 400 ns at the highest repetition rate to 100 ns at the
lowest one. From Fig.5.7 and Fig. 5.8 the maximum pulse peak power is calculated to
be around 2 kW. Fig. 5.9 shows the pulse train and a single pulse at repetition rate at
53 kHz and 200 kHz under pump power of 24 W. Under careful alignment, the
pulse-to-pulse stability was found to be < 5% at 53 kHz and < 15% at 200 kHz. The

pulses are smooth without any breaking and self-mode-locking phenomena [2-4].
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Fig. 5.9. Oscilloscope traces of a train and a typical Q-switched envelope of Q-switched pulses at
pulse repetition rate of (a) 53kHz; (b) 200 kHz.

Fig. 5.10 shows the output spectrum of the Q-switched fiber laser at 53 kHz under
pump power of 24 W. The FWHM of the linewidth is about 1.2 nm and the ratio of
signal to ASE is estimated 50 dB. It is noted that the narrow linewidth of a laser is
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Fig 5.10 Spectral spectrum of the Q-switched laser at 53 kHz under the pump power of 24 W.

The left one shows the intensity in linear scale while the right is in log scale.

5.3 Fiber Lasers Q-switched by acousticoptic modulator and AlGalnAs

semiconductor saturable absorber

As mentioned in last section the’AQ Q=switch can only produce a loss modulation of
20 % in a single pass. The characteristic is exactly true for each AO-Q-switch for any
pumping level and any repetition rate. This limits the flexibility of the AO Q-switch
toward high pulse energy operation. In this section we utilize a hybrid Q-switching
method to enhance the loss modulation of the Q-switch to improve the limited pulse

energy and can improve the timing jitter of the passively Q-switched fiber lasers.

5.3.1 Experimental setup

The schematic of the experimental setup for the passively Q-switched Yb-doped fiber
laser is shown in Fig. 5.11. The setup comprises a 3-m Yb doped fiber and an external
feedback cavity. The external cavity comprises a re-imaging lens, a Fabry-Pérot
etalon for controlling the lasing wavelength, an acousto-optic Q-switch mounted on a

copper heat sink and was chilled actively by water, a AlGalnAs SESA as employed in
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section 4.2 for Q-switching, and a highly reflective mirror at 1060 nm~1100 nm for
feedback. The end facets of the fiber were cut to be normal incident. One side of the
cavity was a dichroic mirror and was coated high reflection at 1030 nm~1100 nm; the
other side was the fiber end which is cut normally as the lasing output with ~4%
reflection. The fiber has a peak cladding absorption coefficient of 10.8 dB/m at 976
nm and a double-clad structure with a diameter of 350 um octagonal outer cladding,
diameter of 250 um octagonal inner cladding with a numerical aperture (NA) of 0.46,
and 30-um circular core with a NA of 0.07.

The pump source was a 35-W 976-nm fiber-coupled laser diode with a core
diameter of 400 um and a NA of 0.22. A focusing lens with 25 mm focal length and
90% coupling efficiency was used to re-image the pump beam into the fiber through a
dichroic mirror with high transmission (>90%) at 976 nm and high reflectivity
(>99.8%) at 1066 nm. The pump spot radius Wwas approximately 200 pm. With
launching into an undoped fiber, the pump coupling €fficiency was measured to be
approximately 80%. The“pulse temporal'behavior was recorded with a digital
oscilloscope (LeCroy Wawvepro 7100; 10Gsamples/sec; 4 GHz bandwidth) and a fast
InGaAs photodiode. The spectrallinformation.was measured by an optical spectrum

analyzer (Advantest Q8381Aj) with a'resolution of 0.1 nm.
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Fig 5.11. Schematic of hybrid Q-switched double-clad fiber laser.
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5.3.2 Experimental results and discussion

5.3.2.1 Sub-harmonic frequency locking

The performances of the passively Q-switched fiber laser by employing the AlGalnAs
SESA is that 450-puJ energy per pulse with duration of 60 ns at the repetition rate of 30
kHz under the pump power of 24 W. Therefore the pulse repetition rate in this hybrid
Q-switching must has a maximal repetition rate corresponding to where close to the
frequency of PQS fiber laser for each pump power. Fig. 5.12 shows the
corresponding output pulse repetition rate as a function of the AO Q-switch (AO Q).
The function is a zigzag shape as a result of a limit repetition rate exists by the
saturable absorber. It can be seen that with an increase in the operating frequency,
the pulse repetition rate first increases accordingly until the operating frequency
exceeds the value of 0.85xfpgs. For higher operating frequencies, the output pulse
train switch to a chaotic pulse train as shown in Fig. 5.12. This is attributed to
nonsynchronization of the;two Q-switches. « |For even higher operating frequency of
1.47xfpos the pulse repetition rate switches back to stable pulse train with
subharmonic M of the operating frequency, 1.e. pulse trepetition rate = operating
frequency/M, for example the pulse.repetition rate is 0.73xfpos kHz at the operating

frequency of 1.47xfpqs, corresponding subharmonic M=2.
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Fig. 5.13 The chaotic pulse train at the non-synchronized frequency.

5.3.2.2 Improvement of timing jitter at low pump power

The PQS fiber laser with an AlGalnAs SESA as a saturable absorber is stable at high
pump power of >15 W while is less stable at low pump power around 3 W. With the
aid of the AO Q-switch it is effectively to improve the stability and timing jitter.
Figure 5.14 shows the timing jitter versus the duty cycle at the three pump power.

The timing jitter at pump power of 3 W could be improved from 8 % to almost < 0.5

108



% with a duty cycle lower than 70 %.  Figure 5.15 shows the time domain of the
pulse train of passively Q-switched fiber laser and hybrid Q-switched fiber lasers.

From this plot it is obviously the stability of the pulse train is increased.
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Fig.5.15. The improvement of the stability of the pulse train. Left: the PQS pulse train; right: the
hybrid Q-switched pulse train.

109



5.3.3.3  Increase of pulse energy

The hybrid Q-switch can effectively and easily enhance the modulation loss of the
Q-switch to generate higher energy per pulse. It is noted that a hybrid Q-switch would
also increase the non-saturable loss which is harmful to the performance of a
Q-switched laser. Figure 5.16 shows the pulse energy versus the operating
frequency at the three pump power. The dash line in this plot means the pulse energy
of the passively Q-switched fiber laser by use of the AlGalnAs SESA. The maximum
pulse energy is 450 wJ in PQS fiber laser by use of the AlGalnAs SESA while in the
former section the maximal pulse energy is 250 pJ.  The combination of the these
two passive and active Q-switch can enhance the to 560 pJ, where the passive
Q-switch can absorb efficiently the undeflected photons when the RF-wave is on. The
average power at the highest pump power of 24 W can be calculated and the result is
about 12.4 W corresponding 787% of the Q-switching efficiency.  Fig 5.17 shows
the oscilloscopic traces of astrain and-a typical Q-switch pulse at the maximum pulse
energy. The pulse-to-pulse.stability is estimated: to be < 5:% and the pulse width was

about 50 ns.
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Fig. 5.16. Pulse energy versus the operating frequency for the three pump power.

The dash line indicates the pulse energy of passively Q-switched fiber laser.
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Fig. 5.17. Oscilloscope traces of a train and a typical Q-switched envelope of the hybrid Q-switched laser

at maximum pulse energy.

5.4 Fiber Lasers Q-switched by acousticoptic modulator with
polarization control

In this section we attempt to lenhance the" loss modulation by controlling the
polarization of the incident beam into the AO-Q-switch.As a result of the effective
phase-grating formed in .the AO erystal is transverse«to the incident beam, the
diffraction efficiency or modulation less is accordingly polarization-dependent. Hence
it should be beneficial to produce a higher extinction rate at lower repetition rate by

polarization controlling.

5.4.1 Experimental setup

The schematic of the experimental setup for the passively Q-switched Yb-doped fiber
laser is shown in Fig. 5.18. The setup comprises a 3-m Yb doped fiber and an external
feedback cavity. The external cavity comprises a re-imaging lens, a Fabry-Pérot
etalon for controlling the lasing wavelength, an acousto-optic Q-switch mounted on a
copper heat sink and was chilled actively by water, a polarization beam splitter for
polarization control, and a highly reflective mirror at 1060 nm~1100 nm for feedback.
The end facets of the fiber were cut to be normal incident. One side of the cavity was
a dichroic mirror and was coated high reflection at 1030 nm~1100 nm; the other side

was the fiber end which is cut normally as the lasing output with ~4% reflection.
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The fiber has a peak cladding absorption coefficient of 10.8 dB/m at 976 nm and a
double-clad structure with a diameter of 350 um octagonal outer cladding, diameter of
250 wm octagonal inner cladding with a numerical aperture (NA) of 0.46, and 30-um
circular core with a NA of 0.07.

The pump source was a 35-W 976-nm fiber-coupled laser diode with a core
diameter of 400 um and a NA of 0.22. A focusing lens with 25 mm focal length and
90% coupling efficiency was used to re-image the pump beam into the fiber through a
dichroic mirror with high transmission (>90%) at 976 nm and high reflectivity
(>99.8%) at 1066 nm. The pump spot radius was approximately 200 pm. With
launching into an undoped fiber, the pump coupling efficiency was measured to be
approximately 80%. The pulse temporal behavior was recorded with a digital
oscilloscope (LeCroy Wavepro 7100; 10G samples/sec; 4 GHz bandwidth) and a fast
InGaAs photodiode. The spectralfinformation was, measured by an optical spectrum

analyzer (Advantest Q8381A)with a resolutionof 0.1 nm.
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Fig. 5.18. Schematic configuration of the actively Q-switched fiber laser with polarization control.

5.4.2 Experimental results and discussion

Figure 5.19 shows the average power as a function of the frequency of the AO
modulation at three different incident pump powers. The average power is almost
constant over the operating frequency for the four pump power. From this figure we

can calculate the ratio of average power in this experiment to that obtained in section
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5.1. The ratio was obtained to be 96 %, which reveals the loss introduced by the PBS
is low. However, the loss still limits the range of the operating frequency, which is
shorter than that obtained in section 5.1. The lower operating frequency is reduced
from 53 kHz in section 5.1 to 20 kHz through the help of the polarization control with
a power efficiency of 96 %. Consequently the method of polarization control by a
polarization beam splitter is efficient and uncomplicated. The average power also
reveals that no significant ASE loss occur at the lowest operating frequency. Fig.
5.20 shows the corresponding pulse energy of the average powers multiplying the
operating frequency. Lower pulse energy is approximately observed to be 100 pJ to
120 pJ; however, we did not see there was any upper limit of pulse energy for each

pump power as seen in section 5.1.
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Fig. 5.19. Average power as a function of the operating frequency for four incident pump

power.

It is reasonable that at high repetition rate the gain of fiber is modulated at high
repetition rate that the undeflected beam can not lase the fiber. Oppositely the
polarization beam splitter weakened the undeflected beam such that we can operate at
lower repetition rate frequency. The maximum pulse energy was obtained at the pump

power of 24 W and the repetition rate of 20 kHz.
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Fig 5.20. Pulse energy as a function of the pulse repetition
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Fig 5.21. Pulse width as a function of the pulse repetition rate.

Figure 5.21 shows the pulse width as a function of pulse repetition rate. The pulse
width is shortened from 250~270 pJ ns at high repetition rate to 45~60 ns at the
lowest repetition rate. The results are similar to that in section 5.2 where we used
saturable absorber to enhance the loss modulation. From Fig.5.20 and Fig. 5.21 the

maximum pulse peak power is calculated to be around 14 kW. Fig. 5.22 shows the
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pulse train and a single pulse at repetition rate at 20 kHz and 120 kHz under pump
power of 24 W. Under careful alignment, the pulse-to-pulse stability was found to
be < 5% at 20 kHz and < 15% at 120 kHz. Fig. 5.23 shows the output spectrum of
the Q-switched fiber laser at 20 kHz under pump power of 24 W. The FWHM of the

linewidth is about 1.68 nm and the ratio of signal to ASE is estimated 50 dB.
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Fig. 5.22. Oscilloscope traces of a train and a typical Q-switched envelope of Q-switched pulses
at pulse repetition rate of (a) 120 kHz; (b) 20 kHz.
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Fig 5.23. Spectral spectrum of the Q-switched laser at 20 kHz under the pump power of 24 W.

The left one shows the intensity in linear scale while the right is in log scale.

5.5 Conclusion

We have demonstrated Q-switched Yb fibet lasers by use of acousticoptic Q-switch
and combination of SESArand polarization control respectively. . Firstly by use of an
acousticoptic Q-switch to Q-switch a‘fiber laser.we have obtained a pulse with energy
of 250 wJ and duration of 100 ns. The laser can operaterat repetition rate from 53 kHz
to 200 kHz with an average power of 13=W. ‘Secondly we combined the active
Q-switch and the passive Q-switch to generate a pulsed fiber laser. The laser
possesses the merits of larger loss modulation than the former experiment and smaller
timing jitter at low pump power than the passively Q-switched laser depicted in
section 4.2. The hybrid Q-switched fiber laser can provide a larger pulse energy up
to 560 pJ with a pulse duration of 50 ns.  Finally we added a polarization control into
the first experiment by inserting a PBS inside the external cavity. This method is
efficient and simple to enhance the modulation loss. Pulse energy of 600 pJ with
pulse duration of 45 ns was obtained at repetition rate of 20 kHz. Besides, all the three

experiments are narrowband with a FWHM of < 1.5 nm.
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Chapter 6 Summary and Future works

6.1 Summary

1. Tunable Yb and Er/Yb codoped fiber lasers

In this section I demonstrated efficient narrowband and tunable Yb-doped and
Er/Yb-codoped fiber lasers by use of all-dielectric Fabry-Perot thin film filters. The
filters have low insertion loss and high transmission at the central wavelength.
Therefore FP thin film filters are suitable for efficiently narrowing and tuning
broadband lasers.

The performances of the Yb and the Er/Yb fiber lasers are shown
as table 6.1.

Table 6.1. Performances of the tunable fiberilasers.

Aknarrowba
Tunable AXnal-AA
nd/ Brpp - | ST b Py | Power (W)
range (nm)
(nm)
Yb fiber
60 nm 0.36/5 0.36/14 >0.9 14
laser
Er/Yb fiber
28 nm 0.15/0.4 0.15/5 >0.9 32
laser

2. Passively Q-switched fiber lasers

In this section I have developed a model and optimized an external Q-switch of fiber
lasers Q-switched by Cr*":YAG crystals. Besides, I also demonstrated that passively
Q-switched Yb fiber lasers by a Cr*":YAG crystal and an AlGalnAs semiconductor
saturable absorbers respectively; and Er/Yb fiber lasers by an AlGalnAs
semiconductor saturable absorber. The performance of Yb fiber lasers are shown in
table 7.2. As seen in the table both the saturable absorbers possess low insertion loss

with > 85% Q-switching efficiency. On the other hand the pulse energies obtained

in these two experiments are superior to those of others are thanks to the use of a
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LMA fiber with core diameter of 30 um and saturable absorbers with large

modulation depth and low nonsaturable loss.

Table 6.2. Performances of the passively Q-switched Yb fiber lasers

by AlGalnAs QWs by Crd4+:YAG crystal
Q-switching efficiency 87% 90%
PRR (kHz) 30 38
ulse energy (uJ) 450 350
Ipulse width (ns) 65 75
|pulse stability +10% +15%

As for the Er/Yb fiber laser, we have also obtained an_efficient Q-switched fiber laser
with Q-switching efficiency >85 %. Beside, the generated single pulse owns energy
of 100 pJ at pulse repetition rate of 12 kHz, corresponding average power of 1.2 W.
The result manifested the’AlGalnAs material are also suitable for Q-switching Er/Yb

fiber lasers in the spectral domainof 1.5 pm:

3. Actively Q-switched fiber lasers

In this section we actively Q-switch an Yb fiber laser by use of an acoustic-optic
Q-switch. The results reveal that Q-switching by an acoustic-optic Q-switch is
efficient and flexible. The pulse repetition rate ranges 53 kHz to 200 kHz at pump
power of 24 W and the maximum pulse energy obtained is 250 pJ at repetition rate of
53 kHz. However due to the high gain of the gain fiber it is difficult to prevent the
pre-lasing resulted from the feedback of undeflected beam at low pulse repetition rate.
Hence by means of the aid of the saturable absorber or polarization controlling, we
have successfully enhanced the loss modulation of the Q-switch. In the hybrid
Q-switching experiment, the pulse energy was increased to 550 pJ and pulse width

was shortened from 100ns to 50 ns at repetition rate of 22 kHz under pump power of
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24 W. Besides the hybrid Q-switch reduced the timing jitter at low pump power
occurred in the passively Q-switched fiber lasers. In the actively Q-switching with
polarization controlling experiment, a polarization beam splitter was inserted in front
of the acoustic-optic Q-switch to control the polarization of incident beam. An
output pulse of energy of 600 pJ and width of 45 ns was obtained at repetition rate of
20 kHz under pump power of 24 W. The results manifested that it is efficient and
simple to directly control the polarization of the resonant beam in the external cavity
to enhance the performance of a Q-switched fiber laser by use of an acoustic-optic

Q-switch.

6.2 Future works

Applications of nonlinear optical effects can be another interesting research direction.
For example a narrowband and high-peak-power'pulsed fiber lasers are suitable for
frequency-doubling and OPQ:experiments: On the othet hand, besides the Q-switched
fiber lasers we are attempted to generate”a mater-oscillation-power- amplifier system
by injecting a short pulse with durationof 1 ns into a fiber to generate a
high-pulse-energy and shert-duratien.pulse...Ihis objeet is interesting because it
improve the drawback of long-pulse-duration of .typical Q-switched fiber lasers.
Another improvement to the drawback is toruse arod-type fiber as the gain medium
because their large core size and shorter length can be used to generate a short

Q-switched pulse.
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