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摘要 

 

    本文主要使用雙包層之摻鐿及鉺鐿共摻之大模態光纖(摻鐿光纖之纖核直

徑:30µm，鉺鐿共摻光纖之纖核直徑:25µm)作為研究雷射二極體激發之高功率

光纖雷射的特性。首先我們使用窄頻寬的薄膜濾光片作為控制雷射縱模之元件，

完成了波長可調且窄波段的的光纖雷射; 之後則建立了被動式及被動式的Q開關

光纖雷射。在被動式Q開關中，首先是使用摻鐿之光纖作為增益介質。我們分別

使用Cr:YAG晶體以及半導體材料AlGaInAs作為飽和吸收體。在以Cr4+:YAG晶體

作為飽和吸收體的實驗中可得到脈衝能量為350 µJ;在以半導體作為飽和吸收體

的實驗中，實驗結果其可操作在5~30 kHz且脈衝能量約為 450 µJ。另外在使用

鉺鐿共摻光纖作為增益介質的實驗中，我們亦利用同樣材料的半導體但比例不同

而使其吸收波段在1.5 µm來作為飽和吸收體。結果在13.5 W的激發功率之下可得

到平均功率為1.26 W，脈衝能量為100μJ及重覆率為12 kHz輸出。主動式Q開關

光纖雷射中我們採用聲光晶體來產生腔內的損耗，我們測試了幾種不同的方法來

增加聲光晶體的調變損耗以提升脈衝波能量。實驗結果可得到600 µJ的脈衝能量

及42ns的脈衝寬度。  
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Abstract 
 

An Yb doped large-mode-area (LMA) fiber with a core diameter of 30 µm and 

an inner cladding diameter of 250 µm, and an Er/Yb codoped fiber with a core 

diameter of 25 µm and an inner cladding diameter of 300 µm 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 Cr4+:YAG crystal and an 

AlGaInAs 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 µJ at a repetition rate of 38 kHz.  For 

the use of AlGaInAs based saturable absorber experiment, we have realized a pulsed 

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

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-µJ 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 1st 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]. Two years 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, i.e. 1.5 µm. Afterward tremendous 

researches and developments in EDFAs made long haul optical communication 

inexpensive and reliable and thus push 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. Nd3+ 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 Yb3+ 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 
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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 fiber allowing pumped by multi-mode sources.  A 

breakthrough was done by Elias Snitzer’s describing 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 1st cladding and 2nd cladding instead 

of that of core and cladding in single-clad fibers. The numerical aperture of the 1st 

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

between 1st and 2nd cladding while signal propagates in the core.  

(a) (b) (c) (d) (e)

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. 
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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 fibers [16], microprism coupling [17], grating coupling 

[18], and embedded-mirror side-pumping [19].   

V-groove coupling:  V-groove is formed on the side of DCF where the coating, 

outer clad and some of the inner clad is removed. Pump light is coupled through 

reflection on the V facet.  The coupling efficiency is typically higher than 75%. This 

technique has the advantage 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 is to launch pump light into many passive 

fibers which are wound around 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 µm respectively; at the 

narrow part are 5.8 and 177 µm. The fiber could be pumped by a pump source with 

BPP of 300 mm×mrad 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 cross section of the DC fiber. The bundles allow 

consisting of a single-mode fiber for accessing 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 µm ) and low NA (< 0.07). Besides, a large 
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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 Yb3+ doped and 

Er3+/Yb3+ 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 Yb3+ and Er3+ 

radiate broadband linewidths. Although the broadband emission provides fiber lasers 

with adequate flexibility in operating wavelength, it is 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 the low-Q interval, meaning there is a trade-off 

between extractable pulse energy and the pulse repetition rate.  

To date the highest reported un-amplified pulse energy in a Q-switched fiber 

laser is 7 mJ at pulse repetition rate of 500 Hz by using an AOM modulator and a 

LMA fiber with core size of 60 µm [25]. 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 Cr4+ [37] or Sm [38] doped fiber as saturable 

absorbers. In addition, Cr4+- [39] and Co2+- [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-switch a LMA ytterbium doped fiber (identical to 

the above) passively by a Cr4+:YAG crystal with high modulation depth ~70% to 

Q-switch a Yb-doped fiber laser.  Besides, a novel semiconductor AlGaInAs 

quaternary alloy was developed as saturable absorbers. AlGaInAs quaternary alloys 

own advantages of larger conduction band offset than InGaAsP materials at spectral 

region of 1.5 µm [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 

AlGaInAs quaternary alloys are potentially applicable as saturable absorber in 

Q-switching lasers. Here I utilized AlGaInAs periodic multi quantum-well (MQW) 

saturable absorbers to Q-switch Yb-doped in the 1.06 µm and Er/Yb codoped fiber 

lasers in the 1.5 µm.  
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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 30µm, 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 25µm. 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 reveal 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 narrowing 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 curves. 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 Cr4+:YAG crystal 

A laser output with pulse energy up to 350 µJ 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 µJ 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 Cr4+:YAG crystal with high modulation deptch~50% is quite low and the 

Cr4+:YAG crystal is appropriate to Q-switch a high power fiber laser.  



   

 11

1.3.3  Passively Q-switched fiber lasers by AlGaInAs MQW semiconductor 

saturable absorbers 

In the Q-switched Yb-doped fiber laser experiment, a pulse with energy of 450 µJ 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 Cr4+:YAG 

crystal. On the other hand, in the Q-switched Er/Yb codoped fiber laser experiment, a 

pulse with energy above 100 µJ 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 17µJ 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 µm 

and 1.5 µm respectively. The remarkable performance confirms the prospect of using 

AlGaInAs 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-power Q-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 linewidth 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 AlGaInAs 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 



   

 12

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.  
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1.4 Outline 

Chapter 1:  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.  

Chapter 2:  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.  

Chapter 3:  In this chapter, I pay my attention to passively Q-switched fiber lasers. A 

fiber laser was Q-switch passively by Cr4+:YAG crystal. Besides, an 

analytical model was demonstrated to optimizing an external Q-switch, 

which consisted of the saturable absorber, re-imagining focus lens, and a 

high reflection mirror. The influences of the parameters of the external 

Q-switch were discussed. 

Chapter 4:  In this chapter I demonstrated an Yb-doped and an Er/Yb codoped fiber 

laser by AlGaInAs 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. 

Chapter 5:  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.  

Chapter 6:  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, YVO4, 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 [kr]4d104f145s25p66s2 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 (Yb3+) are 

shown in Fig. 2.1. The 4f13 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 Yb3+ 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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Yb3+ 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 Yb3+ doped fiber.  

C. Broad emission region: 

Fig. 2.1. Yb3+ energy level diagram in silica fibers. The red line indicates the 

absorption line and the blue ones indicate emission line.  

2F7/2

2F5/2

0.91~
0.98μm
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Broad optical emission and absorption profile as shown in Fig. 2.2 [2] 

showing Yb3+ a potential gain medium in amplifier, tunable lasers, and 

ultrafast laser.      

 

 

 

   

 

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 0.9µm to 1.1µm continuously due to the strong 

homogeneous and inhomogeneous broadening.  On the other hand the absorption 

band ranges from 0.8µm–1µm, which indicates a laser-diode or a Nd laser could be as 

a pump source. The fluorescence lifetime of a pure silicate glass based Yb3+ 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  

Er3+-dope materials are attractive for their useful gain region in 1.5~1.6 µm, as shown 

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

section; dash: emission cross section. [2]
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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 Er3+-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 1.51µm instead of at 0.98µm [6,7], where self-pulsing was suppressed 

by a dumping (resonant pumping) of Er3+-ions from excited state to ground state.   

 

 

 

 

 

 

 

 

 

 

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 Yb3+ (85.8 pm) is close to that of Er3+ (88.1 pm) [8]. It is 

Fig. 2.3. Emission and absorption cross section of Erbium ion.  
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possible to surround each Er3+ ion with several Yb3+ ions to facilitate energy 

transfer process, especially ytterbium tends to cluster as a high concentration 

doping level. 

B. As mentioned before Yb3+-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 Yb3+ ion to Er3+ 

ion. The pump energy is nonradiatively transferred from Yb3+-ion to Er3+-ion as 

shown in Fig 2.3.  The pump light is absorbed mainly by Yb3+-ion (partially by 

Er3+-ion) and the electrons of the ground level 2F7/2 are stimulated to excited level 
2F5/2, and due to clustering the excited Yb3+-ions have a possibility to transfer their 

energy to their neighboring Er3+ ion via elastic collision to indirectly excite, or pump 

the electrons at ground state 4I15/2 to excited state 4I11/2.  It is worthwhile noting a 

back-transfer process is seldom cause of the lifetime of 4I11/2 is quite short and for 

high-efficient Yb:Er codoped fibers and by the aid of codoping of phosphate and 

aluminum [9-14].    

 

 

 
 
 
 
 
 
 
 
 
 
 

 

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

above an Er3+ ion is expected to be surrounded by several Yb3+ ions, which obviously 

Yb3+ Donor Er3+ Acceptor
2F7/2

2F5/2

4I15/2

4I13/2

4I11/2

0.98μm

1.5~1.6 μm

Yb3+ Donor Er3+ Acceptor
2F7/2

2F5/2

4I15/2

4I13/2

4I11/2

0.98μm

1.5~1.6 μm

Fig. 2.4. Plot of Yb sensitized Er doped fibers. The energy is transferred nonradiatively 

from the excited state of Yb3+ ion to the metastable state of Er3+ ion to enhance pump 

absorption.   
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indicating a much higher concentration of Yb3+ ion than that of Er3+ 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 

NYb/NEr is recommended to be between 4 and 20 [15]. Besides, some imperfections 

exist and are not understood yet so far.  For example, isolated Yb3+-ions would 

radiate 1.1-µm emission without transferring energy to Er3+-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 are several types based on different principles such as 

absorbing glass filter and color 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 SiO2, TiO2, 

and Al2O3, the other is fluorides including MgF2, La F3, and Al F3. 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 basic design formula for the more commonly 

used all-dielectric version is: 

Substrate | (LH)m (2L)n (HL)m |air ,              (2.1) 

where m is the number of periods in the HRs; n is the order of the spacer.  

The highly-reflecting stacks are 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.  In a 

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: 

( ) ( )
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2 int
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outT T F φ φθ δ θ

−
⎡ + ⎤⎛ ⎞= + −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
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where   
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Rint and Rout are the reflectance at incidence and output side of filter respectively; Ta 

and Tb are the reflectance at incidence and output side of filter respectively; 

int  and outφ φ  are the phase change at incidence surface and output surface; ns is the 

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

 

 

 

 

The maximum transmission Tmax would equal unity only if all the materials do 

not absorb the light inelastically or the transmittance of the incidence side is equal to 

that of the output one.  The highest transmission occurs at the total phase difference 

is mπ for λ=λp, the central wavelength, i.e. 

2 cos ,  m=0, 1, 2...    
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                      (2.3)  

If int  and outφ φ  are zero (2.3) can be rewritten as 
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Fig. 2.5. The structure of a typical thin film Fabry-Perot filter. 
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where λ0 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 5nm 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 < 1 nm can exceed 96%. By tilting the incidence 

angle, the lasing wavelength can 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 3-m 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 µm octagonal outer 

cladding, diameter of 250 µm octagonal inner cladding with a numerical aperture (NA) 

of 0.46, and 30µm 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 µm 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 
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(>99.8%) at 1030~1100 nm. The pump spot radius was approximately 200 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

The spectral transmittance of the thin-film FP filter at normal incidence is 

shown in Fig. 2.7. The transmission bandwidth is approximately 5nm and the central 

wavelength is around 1102 nm 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 

λo=1.102µm, no=1, and neff 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 30o with neff =1.6. 

 

 

 

 

Fig. 2.6. Schematic configuration of the tunable and narrowband Yb doped fiber laser.  
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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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Fig. 2.7. Spectral transmittance of the thin-film FP 1.1-µm filter at normal 

incidence.  

Fig. 2.8. Wavelength dependence on angle of incidence for the thin film FP 

1.1-µm filter bandpass filter.  
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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%. 

 

 

 

 

 

 

 

 

 

 

 

 

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 

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. 
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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.   

 

 

 

 

 

 

 

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. 2.10. Dependence of the output powers on the lasing central wavelength of 

tunable Yb fiber laser.  
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Fig. 2.12. Experimental spectra for the free-running and wavelength-narrowing operations of 

tunable Yb fiber laser.  The solid lines present narrowing spectra; the dot line presents the 

free-running operation. 

Fig. 2.11. Comparison of the linewidth of the thin-film FP1.1-µm filter and that of the 

narrow-linewidth Yb fiber laser.  
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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 nm. The fiber had a core diameter of 25 µm and a 

cladding diameter of 400 µm 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.  

 

 

 

 

 

 

 

 

 

 

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 

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

 

 

 

 

 

 

 

 

 

 

 

 

The thin-film FP bandpass filter used in our experiments had a clear aperture of 

1.4 mm × 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 λo=1.56 µm, no=1, and neff 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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Fig. 2.14. Spectral transmittance of the thin-film FP 1.1-µm filter at normal 

incidence. 
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the wavelength dependence on angle of incidence up to 15o with neff =1.37.  

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2 Results and discussions 

The free-running performance 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 Yb3+ 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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Fig. 2.15. Wavelength dependence on angle of incidence for the thin film FP 

1.56-µm filter bandpass filter. 
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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].  

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 2.16. Output powers with respect to the incident pump power in the free-running 

operation and the wavelength-narrowing operation of tunable Er/Yb fiber laser. 
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Fig. 2.17. Dependence of the output powers on the lasing central wavelength of 

tunable Er/Yb fiber laser. 
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Fig. 2.18. Comparison of the linewidth of the thin-film FP 1.56-µm filter and 

that of the narrow-linewidth Er/Yb 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. 

 

 

 

 

 

 

 

 

 

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 <1 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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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. 
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tuning range greater than 60 nm.  In the Er/Yb fiber laser experiments, an efficient 

tunable narrow-linewidth Er/Yb 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 Cr4+: 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: 

                   ( )
1 /

o
o

i s

E
E E
αα =

+
  ,                     (3.1) 

where oα  is the small-signal absorption coefficient, iE  is the incident energy 

density, and sE  is a saturation fluence  

( )
s

mode
e a

hν A
σ +σsatE =   ,                     (3.2) 

where σgs 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 iE  close to sE . 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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The parameters such as 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.  

 

                                     (3.3) 

 

                                       (3.4) 

 

                                       (3.5) 

(3.6) 

where φ  is the effective intracavity photon density; Rp is the volumetric pump rate; n 

is population density of gain medium; ls is length of saturable absorber; τf and τs are 

the recovery time of upper laser level of gain medium and excited-state of saturable 
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Fig. 3.1. Nonlinear transmission of a saturable absorber versus incident energy 

density normalized to its saturation energy density. 
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absorber, respectively; A and As are effective area in the gain medium and saturable 

absorber respectively; ngs, nes, and nso are ground, excited state, and total population 

densities respectively; σgs andσes are ground and excited state cross sections in the 

saturable absorber respectively; R is reflectivity of the output coupler; γ is inversion 

reduction factor, γ=1 and γ=2 correspond to respectively, four-level and three-level 

systems [1]; tr 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. 1st 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 2nd 

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 population 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 necessary 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. 
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Firstly the terms Rp and n/τf in (3.4) and nes/τs in (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  

(3.7)  

and 

(3.8)  

 

Dividing (3.7) by (3.8) and integrating gives             

                              (3.9) 

 

where             

                                       (3.10) 
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and ni 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=ns0)=ni. 

The value of initial population inversion density ni can be expressed as 

 

(3.11)  

Here the relation of the initial transmission of saturable absorber gs so sn l
oT e σ−=  is 

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

 

(3.12)  

The value of nf can be obtained as follows: 

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

(3.13)  
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Eqs (3.15) can be solved numerically to obtain nf. 
 
Peak power is expressed as  
 

 

where maxnφ  can be obtained by setting (3.13) to be zero with n= maxnφ , which gives  
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*
maxnφ  is the maximum photon density of fast saturable absorber where α is infinity. 

Besides it is necessary to derive a criterion for Q-switching as depicted in Ref. [4]. 

The author derived a modified 2nd threshold criterion for Q-switching by including the 

influence of intracavity focusing and the ESA effect into the rate-equation analysis. 

The threshold was obtained by setting 
2

2

in n

d
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be positive assuring a growth curve 

for photon intensity will turn upward.  

With (3.13) and then replacing n = ni gives  
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respectively as follow: 
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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  

( )
( )

c f
i p f

c f

1-exp /
  n = r  ,                                                 (3.24)

1- exp /
τ τ

τ
δ τ τ

−
−

 

where τc is the time interval between pulses and δ is the fraction of the population 

inversion left over at the start of the next pump cycle for CW-pumped Q-switched 

lasers. δ can be expressed as  

a i 

f

f n=  1- (1- ) ,                                                           (3.25)
n

δ
γ

 

where fa  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 

 

f
c f

f

  = ln  .                                                 (3.26)p i

p i

R n
R n

τ δ
τ τ

τ
⎛ ⎞−
⎜ ⎟⎜ ⎟−⎝ ⎠
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3.2 Cr4+:YAG crystals 

Chromium-doped yttrium aluminum garnet (Cr4+:YAG) crystals are the most 

recognized saturable absorbers at the spectral region of 0.9-1.2 µm 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, Cr4+:YAG crystals own characteristics of large 

absorption cross-section and long excited-state lifetime required for optical absorption. 

The optical energy-level of Cr4+:YAG crystals is shown in Fig. 3.4. Cr4+:YAG crystal 

is a 4-level system at the absorption band of 1.0~1.1µm . 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 

τ3-2 is in the order of 3~4µs [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 cross-section of ESA of Cr4+:YAG is small compared to that  

 

 

 

 

 

 

 

 

 

 

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, σgs, and excited state absorption, σes, are not known exactly so far and can 
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Fig. 3.4. Schematic energy-level diagram of Cr4+: 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. 
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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 Cr4+:YAG crystals.  For example 

Ridderbusch et al. have used pulse laser of duration in continuous, ns- , and ps- scale 

to pump a Cr4+: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 σgs and σes.   

 

 

 

 

 

 

 

Though the cross-section is not determined absolutely, we can approximately describe 

the transmission response with respect to incident energy density of Cr4+:YAG 

crystals if the probe beam is a pulse of short duration with respect to the lifetime of 

excited state of Cr4+:YAG crystals.  As mentioned in 4.1 initial the transmission To 

and maximum transmission Tf  can be expressed as  

gs gs  =exp(-n σ ls) ,                                                          (3.27)oT  

and 

   so es  =exp(-n σ ls) .                                                          (3.28)fT  

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

transmission [11], which gives 

Table 3.1. The reported values of σgs andσes of the Cr4+:YAG crystal   

σgs (10-18 cm2 )
σes (10-19 cm2 )
σes/ σgs

Ref.

7±0.8
2±0.3
0.286
[11]

2±0.4
2±0.4
0.1
[12]

0.87±0.08
2.2±0.2
0.25
[13]

σgs (10-18 cm2 )
σes (10-19 cm2 )
σes/ σgs

Ref.

7±0.8
2±0.3
0.286
[11]

2±0.4
2±0.4
0.1
[12]

0.87±0.08
2.2±0.2
0.25
[13]
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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 

0

gs
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T1-
1  I(0)=  .                                               (3.30)
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Besides the absolute value of cross section, the ratios of σes/σgs 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 parameter β 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 Cr4+:YAG crystal to be saturable absorber.  

 

 

3.3 Passively Q-switched Ytterbium Fiber Lasers by Cr4+: YAG crystals 

3.3.1 The Cr4+: YAG crystal used in this experiment 

The Cr4+: 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 5.3×1018 cm-3 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 Cr4+: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/cm2 and its relaxation time was also on the order of 3 µs.  
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Fig. 3.5. The low-intensity transmission of the Cr4+:YAG crystal used in this experiment. 

Fig. 3.6. Measured results of saturation of the Cr4+: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 Cr4+: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 µm octagonal outer cladding, diameter of 250 µm octagonal 

inner cladding with a numerical aperture (NA) of 0.46, and 30µm 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 µm 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 1030~1100 nm. The pump spot radius was approximately 200 µm. The 

pulse temporal behavior was recorded by a LeCroy digital oscilloscope (Wavepro 

7100; 10G samples/sec; 1 GHz bandwidth) with a fast InGaAs photodiode. 
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Fig. 3.7. The schematic configuration of the passively Q-switched fiber lasers by Cr4+: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 Cr4+:YAG crystal. The slope efficiency of the CW laser in Fig. 3.8 (a) is 71%, 

slightly lower than that in chapter 2. The reason is attributed to the experimental setup 

in this chapter consisted more 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 efficiency is 95% for 1055nm, 90% for 1060nm, 92% 

for 1070nm, and 95% for 1080nm. The Q-switching efficiency is superior to those of 

Yb-doped crystal lasers with Cr4+:YAG crystals as saturable absorbers [15~20]. The 

M2 beam-quality factor was measured to be <1.8 over the complete output power 

range. 
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It is noted that although the modulation depth of the Cr4+:YAG crystal is between the 

four wavelengths, the performances are really 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 300µJ to 

350µJ. The main reason is that we slightly tilted the Cr4+: YAG crystal 
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Fig. 3.8 The average power of CW and PQS regime for (a) 1055nm, 

1060nm, and 1070nm; (b) 1080nm 
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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) 

xRAhvE )/1ln(
2 γσ

=   ,              (3.12) 

with the values of parameters as in Table 3.1, the pulse energy could be found to be 

289µJ, 312µJ, 274µJ, and 256 µJ 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 sat= hvA/σ (for 1066nm)= 397µJ. 

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. 
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Figure 3.9. Pulse energy and pulse repetition rate versus the incident pump power.  
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Figure 3.10 (a) shows the temporal shape of a train 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.  

 
 
 
 
 
 
 
 
 
 
 

 

Table 3.2. The values of parameters of the Cr4+:YAG crystal and Yb-doped fiber.  

σ (10-21cm2) 

 

σgs (10-19 cm2 ) 

σes (10-19 cm2 ) 

To 

 

R 

L 

A (10-6cm2) 

As10-6cm2) 

3.6 @1050nm, 3.3@1060nm, 

3.3@1070nm, 3.2@1080nm [21] 

8.7 [13] 
2.2 [13] 

0.25@1050nm, 0.26@1060nm,  

0.31@1070nm, 0.35@1080nm 

0.04 

0.04 

4.9 

4.9 

20μs/div(a) 20μs/div20μs/div(a) 100ns/div(b) 100ns/div100ns/div(b)

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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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, As, 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 As for the passive 

Q-switching operation and then derive an analytical function to model the influence of 

As 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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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 
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optimum focal position of the re-imaging laser mode.  Under the condition of 

minimum As, 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 Cr4+: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  
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We denote the quantity to be the bleaching rate parameter (BRP) because its value 

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

threshold value. We replace ln( / )i fn n  with x in (3.12) and (3.15) as   
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,     (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 sAA  for a given gain medium and a given saturable absorber.  

Therefore, the optimization of the effective ratio sAA  is essentially critical for 

developing an efficient passively Q-switched laser.  For a given fiber laser, the 

maximization of the effective ratio sAA  is directly related to the minimum sA , as 

illustrated in Fig. 3.12.  Since the minimum sA  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.  

     

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

is the beam waist of the laser mode; Zo 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] 

( )[ ]21)( oos zzCz −+= ωω       (3.38) 

with  
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     2

2

orn
MC

ωπ
λ

=        (3.39) 

where oω  is the beam waist of the laser mode, oz  is the position of the beam waist,  

is the laser wavelength, 2M  is the beam-quality factor, rn  is the refractive index of 

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

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

absorber is directly related to the re-imaging magnification M  by 

 
  co rM=ω  .       (3.40) 

 
With the brightness theorem, the beam-quality factor 2M  can be given by  
 

( ) ( )λπcrNAM ⋅=2 ,         (3.41) 

 
where NA is the numerical aperture of the laser fiber.  Substituting Eqs. (3.40) and 

(3.41) into Eq. (3.39),  the factor C can be expressed as 

 

 
cr rn

NAC 2M
=  .      (3.42) 

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

of the mean square of the average mode size as  
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where al is the thickness of the saturable absorber and the weighting function 
zn gssoe σ−  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  
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Figure 3.13 shows a comparison for the calculated results 2
sω  obtained with Eqs. 

(3.44) and (3.45) for a typical case with the parameters of 04.0=NA , 5.12=cr  µm, 

82.1=rn , 4.0=oT , and 2=al  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.  
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Fig. 3.13. A comparison for the calculated results 2
sω  obtained with Eqs. (16) and (17) for a 

typical case with the parameters of  NA = 0.04, rc =12.5 µm, nr  = 1.82, To =0.4, and  la= 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 
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Note that the expression of Eq. (3.46) is in term of the initial transmission oT  instead 

of gsson σ  because oT  is a macroscopic property of the saturable absorber and can be 

definitely measured. 

 
 

 

Figure 3.7 shows a calculated example with Eq. (3.46) and the parameters of 

NA=0.04, rc=12.5 µm, nr=1.82, and la=2 mm to demonstrate the dependence of the 

average mode area on the focal position for several To values.  It can be seen that 

there is an optimum focal position for minimizing the average mode area.  The 

optimum focal position, zopt, for the minimum mode area can be analytically 

determined by partially differentiating Eq. (3.46) with respect to zo and setting the 

Fig. 3.14. Dependence of the average mode area on the focal position for several To values. 
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resulting equation equal to zero: 

 

 0
1)/1ln(

12 22 =
⎭
⎬
⎫

⎩
⎨
⎧

⎥
⎦

⎤
⎢
⎣

⎡
−

−−=
∂
∂

= o

o

o
aopto

zzo

s

T
T

T
lzC

z
A

opto

πω  .  (3.47) 

Eq. (3.47) leads to the optz  to be given by 
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Eq. (3.48) indicates that the optimum focal position depends only on al  and oT , i.e. 

the properties of the saturable absorber.  Substituting Eqs. (3.40), (3.42) and (3.48) 

into (3.46), the average mode area at the optimum focal position is then given by 
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The optimum magnification, Mopt, 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: 
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Consequently, the Mopt is given by 
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Eq. (3.51) indicates that the optimum re-imaging magnification Mopt 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, rc=12.5μm, 

nr=1.82, and To=0.5 to reveal the dependence of the average mode area on the 

magnification M for several la values.  The dashed line in Fig. 3.15 shows the 

minimum average mode areas corresponding to the optimum magnification Mopt.  

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

 

 

3.4.4  Experimental Results 

To illustrate the utility of the present model, a Yb-doped fiber laser with a Cr4+: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 µm 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 400µm 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 200µm.  The Cr4+:YAG crystal has a thickness of 1.57 

mm with 40% initial transmission at 1075 nm.  Both sides of the Cr4+: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 04.0=NA , 5.12=cr μ m, 

82.1=rn , 4.0=oT , and 57.1=al  mm into Eq. (3.47) yields 0.88M =opt .  With 

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

of 9.0=aM  that nearly achieves the optimum value of 0.88M =opt .  A translation 

stage was used to adjust the longitudinal position of the Cr4+: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 Eqs. (3.36) and (3.37) and the parameters of σ = 

2.4×10−21 cm2 [21], gsσ = 8.7×10−19 cm2 [13], esσ = 2.2×10−19 cm2 [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 67.0=optz  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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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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Fig. 3.17. Average output powers versus the incident pump power for CW lasing between 

the three cases depicted in the text. 
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Fig. 3.18. Pulse repetition rate and pulse energy versus the incident pump power at the 

optimum focal position. 
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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 210μJ.  The pulse width is found to 

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

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To validate the developed models, two more experiments were performed with 

other saturable absorbers ( 0.3oT = , 3.0al = mm and 0.6oT = , 2.6al = mm ) and a 

re-imaging magnification of 0.7M =a .  Figure 3.19 shows the experimental results 
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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. 
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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-power passively Q-switched Yb-doped fiber 

laser with a Cr4+: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.  
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Chapter 4  Passively Q-switched Ytterbium Fiber Lasers by 

AlGaInAs semiconductor saturable absorbers  

4.1  Semiconductor saturable absorbers 

In addition to transition mental-doped crystals such as Cr4+: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 of 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 semiconductors material as saturable absorber 

is their short recovery time in the time scale of ns to ps. Compared with Cr4+: YAG 

crystals or other monolithic 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 AlGaInP materials are the most common in Q-switched lasers 

[4, 6-7].  Recently AlGaInAs 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 AlGaInAs can be seen in Fig. 4.1. AlGaInAs 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 AlGaInAs is 

determined by the composition of InAlAs and InGaAs and is tunable from 0.75eV to 
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1.37eV (1.65µm to 0.9µm). The advantages reveal that AlGaInAs quaternary alloys 

are potentially applicable as gain mediums in semiconductor lasers or saturable 

absorber in Q-switching or mode-locking lasers. Recently AlGaInAs have been 

employed as semiconductor lasers [11, 12] and saturable absorbers for Q-switching a 

solid-sate laser [13].  

In this section, two periodic AlGaInAs 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 µm. The region of the 

saturable absorbers consist periodic groups of several QWs, spaced at 

half-wavelength intervals by barrier layers. It is worthwhile to mention that, compared 

with a conventional SESAM structure, the missing DBR significantly simplifies the 

structure and thus growth and yield.  
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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. 
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Fig. 4.2. Structure of periodic AlGaInAs QWs saturable absorbers. The periodic structure 

means the region of the saturable absorbers consist periodic groups of several QWs, spaced 
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4.2 Passively Q-switched Yb-doped fiber lasers with AlGaInAs        

MQW saturable absorbers 

In this section I demonstrated a high-pulse-energy passively Q-switched Yb-doped 

fiber laser with an AlGaInAs/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 µJ. More importantly, the overall Q-switching efficiency 

could exceed 90% because of a low nonsaturable loss. 

4.2.1 The AlGaInAs periodic MQW semiconductor saturable absorber for 
1µm 

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/cm2. 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/cm2 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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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 comprises a 3-m Yb doped fiber and an external 

feedback cavity with a periodic AlGaInAs 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 1.06µm 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 µm octagonal outer cladding, 

diameter of 250 µm octagonal inner cladding with a numerical aperture (NA) of 0.46, 

and 25-µm 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 µm 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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Fig. 4.4. Measured results of saturation of the AlGaInAs semiconductor 
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(>99.8%) at 1066 nm. The pump spot radius was approximately 200 µm. 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). 

 

 

 

 

 

 

 

 

 

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 

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

saturable absorbers   
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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 AlGaInAs 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 M2 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.  

 

 

 

 

 

 

 

 

 

 

 

 

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 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

  Besides, the pulse energies is shown in Fig. 4.9 for the 4 wavelengths: 160 µJ 

at 1083nm, 170 µJ at 1073nm, 350 µJ at 1079nm, and 450 µJ 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 σSA of saturable absorbers, which 

was taken as 8.7×10-14 cm2, and the parameter of β 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 Cr4+: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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Fig. 4.7. Output spectral spectrum of the passively Q-switched fiber laser. 
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experimental results.  
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Fig. 4.9 The pulse energy versus the incident pumping power.  
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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 within %10± .  In passively 

Q-switched Yb-doped fiber lasers, on the whole, the performances with AlGaInAs 

QW saturable absorbers are superior to the results obtained with Cr4+:YAG crystals . 

 

 

 

 

 

 

 

 
 

 

 

4.3 Passively Q-switched Er/Yb codoped fiber lasers with AlGaInAs  

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 AlGaInAs/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 100µJ. 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 

50ns/div(a) 50ns/div50ns/div(a) 100μs/div(b) 100μs/div100μs/div(b)

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

typical Q-switched envelope. 
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wavelength regime are the transition metal-doped crystals, including Co2+:ZnSe [16], 

Co2+:ZnS [17], Cr2+:ZnSe [18], and Co2+:MgAl2O4 [18]. The absorption band of Co2+ 

ion and Cr2+ ion ranges from 1.4 µm~2.5 µm and 1.4 µm~2.5 µm respectively.  

SA Lifetime 

(µs) 

σes/ σgs (10-19cm2)    

β , α, To 

Results Fiber 

parameters 

Active 

medium 

Co2+:MgAl3O4 

[18] 

0.34 NA 

2.4-two level 

40, 45% 

22µJ, 370 ns 

60W@60kHz 

12µm, 

NA=0.22 

Er/Yb 

Cr2+:ZnSe[18]
 8 0.2/3.4 

0.06, 57, 30% 

18µJ, 380 ns 

45W@70kHz 

same as 

above 

Er/Yb 

Co2+:ZnS[17]
 

 

200 1.1/10 

0.11, 102,67% 

60µJ, 3.5 ns 

>10 kW@6kHz 

11 µm, NA~ 

0.21 

Er/Yb 

Co2+:ZnSe[16]
 290 1.1/11.5 

0.096, 117, 92% 

15 nJ, 43 mW,  

350 ns @235kHz 

2.7 µm, NA~ 

0.27 

Er 

  

In addition to the transition metal-doped crystals, semiconductors are one of the 

candidates for saturable absorbers in the eyesafe region. The semiconductor 

saturable-absorber materials for passively Q-switched fiber lasers at 1.5 µm are 

merely so far based on the InGaAsP thick layer [19] and the InGaAs quantum well 

(QW) [20]. As mentioned before AlGaInAs semiconductors possess larger conduction 

band offset and lattice-matching to the InP substrate, which benefits operation in high 

power regime.  

4.3.2 The AlGaInAs periodic MQW semiconductor saturable absorber for 1.5 
µm 

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 AlGaInAs 

barrier layers with the band-gap wavelength around 1.1 µm.  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 

Table 4.1. The monolithic saturable absorbers in the region of 1.5 µm. 
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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/cm2 and its 

relaxation time was also on the order of 100 ns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 4.12. (a) Photoluminescence and (b) low-intensity transmission spectrum of the 

AlGaInAs semiconductor saturable absorber for 1.5 µm. 
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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. 

 

 

 

 

 

 

 

 

 

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 

AlGaInAs 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-µm octagonal outer cladding, diameter of 300-µm octagonal inner cladding with 

a numerical aperture (NA) of 0.46, and 25-µm 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 

Fig. 4.13. Measured results of saturation of the AlGaInAs semiconductor 
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arranged to have a beam waist of 50 µm 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 µm 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 µm.  

 

 

 

 

 

 

 

 

 

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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Fig. 4.14. The schematic plot of the fiber lasers passively Q-switched by AlGaInAs 

semiconductor saturable absorbers. 
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typically passively Q-switched lasers, the pulse energy is almost unrelated to the 

pump power and its value is 105 µJ 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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The estimated energy of the highest pulse inside envelope was found to be close 

to 17µJ. The expanded oscilloscope traces reveal that the mode-locked pulse width is 

approximately 33 ns.  As a result, the peak power can be found to be greater than 0.5 

kW. 
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Fig. 4.17. (a) Oscilloscope traces of a typical Q-switched envelope; (b) Oscilloscope 

traces of a train of Q-switched pulses. 

Fig. 4.16. The pulse repetition rate and the pulse energy versus the incident pump 

power.  
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4.4   Conclusion 

In this chapter we employed AlGaInAs 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 AlGaInAs QW 

material can be exploited to be an efficient absorber with a large modulation change 

and a quite low nonsaturable loss.  Compared with performances of the Q-switched 

laser by a Cr4+: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 other hand Q-switched by the AlGaInAs/InP QW 

saturable absorber, higher gain is stored due to the ESA effect limit the Cr4+:YAG 

crystal to achieve higher transparency, i.e. higher modulation depth. Therefore the 

pulse energy in obtained here is higher than that in the Q-switched laser by Cr4+: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 AlGaInAs QWs as 

saturable absorbers in passively Q-switched fiber lasers in the region of 1.06 µm and 

1.5 µm. 
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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 µm). However the noise, short lifetime of the bearings, and weaker 

performance makes them uncommon in most applications. EO modulators (EOM) are 

based on electro-induced birefringence in a medium to modulate the phase, 

polarization, and amplitude of incident beams. However EOM with the high-voltage 

driver and the wave plates for Q-switching are 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 ( )tε instead. ( )tε  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 Ep is the same as that in the PQS:  

1ln ln .                                                 (5.1)
2

i
P

f

nh AE
R n

ν
σγ

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
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Furthermore we can derive the expression of the population inversion density at 

threshold nt as in section 2.1: 

      ( )ln 1/
,                                                 (5.2)

2t

R L
n

lσ
+

=  

and the relation of the initial and final population inversion densities, ni and nf, as 

i

f

nln .                                                 (5.3)
ni f tn n n

⎛ ⎞
− = ⎜ ⎟

⎝ ⎠
 

The pulse peak power P is obtained again by setting /d dnφ to be zero to get the maxnφ .  

And we found that maxnφ  happens to equals tn  and the peak power is   

' '
max 1 1ln( ) ln( ) 1 ln .                   (5.4)i

i t
r r t

h Al nh AlP n n
t R t R n

ν φ ν ⎡ ⎤⎛ ⎞
= = − +⎢ ⎥⎜ ⎟
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Hence the pulse width can be obtained as 

( )
( )

( )
ln // .                           (5.5)

ln 1/ / 1 ln /
i fr

p
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n ntP
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To determine ni and nf we 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 

f:   

i p f f
f f

-1 -1n =R 1-exp +n exp  .                                    (5.6)
f f

τ
τ τ

⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦
 

As a consequence we can obtain the average power as  

1ln ln .                                                 (5.7)
2

i
avg

f

nh AP f
R n

ν
σγ

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 

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

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,τp,  increases in proportion to the repetition rate 

while the pulse energy, Ep, decreases at higher repetition rate. As the repetition rate 

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

maximum value p fR τ , meaning Ep and τp approach nearly constant in accordance 

with the finite gain.  

 

 

 

 

 

 

 

 

 

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 µm octagonal outer cladding, diameter of 250 µm octagonal 

inner cladding with a numerical aperture (NA) of 0.46, and 30-µm 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 µm 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 µm. 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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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. 

  

Fig. 5.2. Schematic of diode-pumped actively Q-switched double-clad fiber laser. HT: high 

reflection; HR: high reflection 
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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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Fig. 5.3. Output power of cw operation and Q-switching operation versus pump 

power in cw operation. 

Fig 5.4. Plot of the condition that a gating time is shorter than the pulse builds up time.   
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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 1st 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 frequency of the external frequency and was modulated 

at the frequency of the total cavity.   

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

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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Fig 5.5. Average power as a function of the pulse repetition rate for three incident 

pump power.   
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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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

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 

Fig. 5.6. Pre-lasing of an actively Q-switched fiber laser. (a) The pre-lased signal occurred a time 

delay after the Q-switched pulse. (b) The mode-locked resembling pulse.  

(a) 

 
(b) 
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there is an upper limit and a lower one of pulse energy. The upper pulse energy is 250 

µJ and the lower one is 55 µJ. 
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Fig. 5.7. Pulse energy at three different pump powers as a function of the pulse 

repetition rate. 
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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]. 

 
 
 
 
 
 
 
 
 

 
     

 

 

 

 

 

 

 

 

 

 

 

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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preferred in most applications.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

5.3 Fiber Lasers Q-switched by acousticoptic modulator and AlGaInAs              
semiconductor saturable absorber        

As mentioned in last section the AO 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 AlGaInAs SESA as employed in 
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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.  
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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 µm octagonal outer cladding, 

diameter of 250 µm octagonal inner cladding with a numerical aperture (NA) of 0.46, 

and 30-µm 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 µm 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 µm. 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) 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 AlGaInAs 

SESA is that 450-µJ 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 0.85×fPQS. 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 

1.47×fPQS the pulse repetition rate switches back to stable pulse train with 

subharmonic M of the operating frequency, i.e. pulse repetition rate = operating 

frequency/M, for example the pulse repetition rate is 0.73×fPQS kHz at the operating 

frequency of 1.47×fPQS, corresponding subharmonic M=2.  
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5.3.2.2   Improvement of timing jitter at low pump power  

The PQS fiber laser with an AlGaInAs 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 
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Fig. 5.12. (a) The pulse repetition rate as a function of the frequency of the AO Q-switch; (b) 

Detail of (a) for pump power of 3 W. 

Fig. 5.13 The chaotic pulse train at the non-synchronized frequency.  
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% 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. 5.14. Timing jitter versus the duty cycle for the three pump power. 
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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. 
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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 AlGaInAs SESA. The maximum 

pulse energy is 450 µJ in PQS fiber laser by use of the AlGaInAs SESA while in the 

former section the maximal pulse energy is 250 µJ.   The combination of the these 

two passive and active Q-switch can enhance the to 560 µJ, 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 78 % of the Q-switching efficiency.   Fig 5.17 shows 

the oscilloscopic traces of a train 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.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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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5.4 Fiber Lasers Q-switched by acousticoptic modulator with 

polarization control 

In this section we attempt to enhance 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 crystal is transverse to the incident beam, the 

diffraction efficiency or modulation loss 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.  

100 μs/div100 μs/div 50 ns/div50 ns/div

Fig. 5.17. Oscilloscope traces of a train and a typical Q-switched envelope of the hybrid Q-switched laser 

at maximum pulse energy.  
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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 µm octagonal outer cladding, diameter of 

250 µm octagonal inner cladding with a numerical aperture (NA) of 0.46, and 30-µm 

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 µm 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 µm. 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) with a resolution of 0.1 nm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 

HT@976 nm
HR@1030~1100 nm

Laser output

Fiber-coupled LD @976 nm

Yb doped double-clad fiber

R~4%

HR @ 1030~1100 nm

FP filter

RF+ TTL

AO Q-switch

PBS

HT@976 nm
HR@1030~1100 nm

Laser output

Fiber-coupled LD @976 nm

Yb doped double-clad fiber

R~4%

HR @ 1030~1100 nm

FP filter

RF+ TTL

AO Q-switch

PBS

Fig. 5.18. Schematic configuration of the actively Q-switched fiber laser with polarization control. 
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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 µJ to 

120 µJ; however, we did not see there was any upper limit of pulse energy for each 

pump power as seen in section 5.1. 

 
 
 
 
 
 
 
 
 
   
 
  
 
 
 
 
 

 

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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Figure 5.21 shows the pulse width as a function of pulse repetition rate.  The pulse 

width is shortened from 250~270 µJ 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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Fig 5.21. Pulse width as a function of the pulse repetition rate. 
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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. 

 

 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
Fig. 5.21  (b)  Oscilloscope traces of a train and a typical Q-switched envelope of Q-switched pulses 

at pulse repetition rate of  20 kHz. 
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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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5.5 Conclusion 

We have demonstrated Q-switched Yb fiber lasers by use of acousticoptic Q-switch 

and combination of SESA and 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 µJ and duration of 100 ns. The laser can operate at 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 µJ 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 µJ 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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Fig 5.23. Spectral spectrum of the Q-switched laser at 20 kHz under the pump power of 24 W.  
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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. 

 

 

  
Tunable 
range 

∆λnarrowba
nd/ ∆λTFF 
(nm) 

∆λna/ ∆λbr 
(nm) 

Pna/ Pbr Power (W) 

Yb fiber 
laser 

60 nm 0.36/5 0.36/14 >0.9 14 

Er/Yb fiber 
laser 

28 nm 0.15/0.4 0.15/5 >0.9 3.2 

 
 
 
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 Cr4+:YAG crystals.  Besides, I also demonstrated that passively 

Q-switched Yb fiber lasers by a Cr4+:YAG crystal and an AlGaInAs semiconductor 

saturable absorbers respectively; and Er/Yb fiber lasers by an AlGaInAs 

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 

Table 6.1. Performances of the tunable fiber lasers. 
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LMA fiber with core diameter of 30 µm and saturable absorbers with large 

modulation depth and low nonsaturable loss.  

 

 

 
  by AlGaInAs QWs by Cr4+:YAG crystal 

Q-switching efficiency 87% 90% 

PRR (kHz) 30 38 

pulse energy (µJ) 450 350 

pulse 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 µJ at pulse repetition rate of 12 kHz, corresponding average power of 1.2 W. 

The result manifested the AlGaInAs material are also suitable for Q-switching Er/Yb 

fiber lasers in the spectral domain of 1.5 µm. 

 
 
 
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 µJ 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 µJ and pulse width 

was shortened from 100ns to 50 ns at repetition rate of 22 kHz under pump power of 

Table 6.2. Performances of the passively Q-switched Yb fiber lasers 
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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 µJ 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 OPO experiments. On the other hand, besides the Q-switched 

fiber lasers we are attempted to generate a mater-oscillation-power- amplifier system 

by injecting a short pulse with duration of 1 ns into a fiber to generate a 

high-pulse-energy and short-duration pulse. This object is interesting because it 

improve the drawback of long-pulse-duration of typical Q-switched fiber lasers.   

Another improvement to the drawback is to use a rod-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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