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摘要 

 本文使用摻鐿的雙包層光纖作為主要的增益介質並使用被動式 Q開關技術來

研究高功率和高重複率的脈衝光源。首先我們使用孔徑 30 μm 的雙包層摻鐿光纖

並分別利用半導體材料 AlGaInAs 和 Cr4+:YAG 晶體作為飽和吸收體，在 24W 幫浦功

率下，使用 AlGaInAs 飽和吸收體可得到脈衝能量 0.45 mJ 且重複率為 30 kHz 的脈

衝雷射，而使用 Cr4+:YAG 晶體則可得到脈衝能量 0.35 mJ 且重複率為 38 kHz 的脈

衝雷射，同時並將兩者結果做一比較。 

 為進一步提升脈衝能量，我們改使用光纖孔徑達 70 μm 的光子晶體光纖作為

增益介質，在使用AlGaInAs作為飽和吸收體時，脈衝能量大幅提升2.4倍至1.1 mJ，

且由於較短的腔長，使得脈衝寬度從 60 ns 減小至 10 ns，因此輸出尖峰功率從

7.5 kW 大幅提升至 110 kW，另外我們以此架構建立腔外光學參量振盪器，目前可

得波長可調範圍為 1513 nm 至 1593 nm、脈衝能量 138 μJ 且重複率 6.5 kHz 的脈

衝雷射輸出。而使用 Cr4+:YAG 飽和吸收體時，脈衝能量也有接近 2 倍的提升至

0.63mJ，而脈衝寬度也從 70 ns 降至 36 ns，也以此架構建構腔內光學參量振盪器，

目前可得波長在 1515 nm 且輸出功率為 0.47 W 的脈衝雷射。 

為了再減小脈衝寬以使脈衝功率能大幅提升，我們採用了 MOPA 放大器架構，

利用被動式 Q 開關的 Nd:YVO4/ Cr4+:YAG 雷射作為種子源和 30 μm 孔徑的雙包層

摻鐿光纖作為放大器，我們得到脈衝寬度為 1.6 ns、能量為 0.192 mJ 且脈衝重覆

率為 25 kHz 之輸出。我們另外完成將光子晶體光纖放大器作為基頻光光源的腔外

非線性波長轉換，在輸入功率為 3.3 W 的條件下，可得波長為 532 nm 且輸出功率

為 1.7 W 的二倍頻波長轉換，以及波長為 355 nm 且輸出功率為 1.1 W 的三倍頻

波長轉換。 
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Abstract 

The double-cladding Yb-doped fiber as the gain medium and the passively Q- 

switching technique have been utilized in study of high power and high-repetition rate 

fiber lasers. First we use the double-cladding fiber with core diameter of 30 μm, and the 

AlGaInAs semiconductor material and the Cr4+:YAG crystal are used as the saturable 

absorbers (SA) respectively. By using the AlGaInAs as the SA, pulse energy up to 0.45 

mJ with the repetition rate of 30 kHz in the pump power of 24 W can be attained. With 

the Cr4+:YAG crystal as the SA, we can have the laser output with a pulse energy of 

0.35 mJ at the pulse repetition rate of 38 kHz in the same pump power. We also have 

comparative studies between these two SAs. 

For scaling energy further, the photonic crystal fiber (PCF) with the core diameter 

of up to 70 μm is used as the gain medium. With the AlGaInAs as the SA, the pulse 

energy is significantly increased 2.4 times to 1.1 mJ, and the shorter cavity length 

results in the pulse width reducing from 60 ns to 10ns. As a sequence, the peak power is 

boosted up from 7.5 kW to 110 kW. This scheme is also used for pumping the 

extracavity optical parametric oscillator (OPO), and the output energy of 138 μJ with 

the repetition rate of 6.5 kHz at the wavelength which can be tunable from 1513 nm to 

1593 nm is obtained. By employing the Cr4+:YAG SA, the pulse energy also has almost 

2-times enhancement to 0.63 mJ and the pulse width decreases from 70 ns to 36 ns. An 

intracavity OPO was demonstrated based on this scheme, output power of 0.47 W at 

1515 nm was obtained. 
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To achieve higher peak power, it is necessary to have smaller pulse width, so we 

adopt the configuration of master oscillator fiber amplifier (MOFA). By using a 

Nd:YVO4/ Cr4+:YAG passively Q-switching laser as the seed laser and a 30-μm-core 

double-cladding fiber as the amplifier, the amplifier can generate pules with energy of 

0.192 mJ at the repetition rate of 25 kHz and the pulse width is down to 1.6 ns. In 

addition, a PCF MOFA was used to pump the extracavity nonlinear wavelength 

conversions module, output powers of 1.7 W of the second harmonic generation at 532 

nm and 1.1 W of the third harmonic generation at 355 nm were realized at the 

fundamental pump power of 3.3 W. 
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1.1 Fiber lasers 

The fiber lasers are a promising alternative to the conventional solid-state laser 

systems. They are a result of a merger between of the most innovative and advanced 

technologies in the laser world – active optical fibers and semiconductor diodes. Fiber 

lasers offer a superior beam quality and reliability, great output powers, high electrical 

efficiency, and smaller size.  

 

1.1.1 History 
The first fiber laser was demonstrated with erbium and neodymium doped glass 

lasers in 1960 by Snitzer and Koester [1-3]. It consisted of a coiled neodymium-doped 

fiber transversely pumped by a flash lamp, and   emitted around 1060 nm with a 

multimode output. A few years later, the first longitudinally pumped fiber laser, pumped 

by a laser diode, was demonstrated by Stone and Burrus [4]. The breakthrough in the 

fabrication of rare-earth doped silica fiber came in 1985 thanks to the development of 

solution doping as a way to incorporate rare earths into performs fabricated through 

modified chemical vapour deposition (MCVD) [5]. Later, a Nd-doped silica 

single-mode fiber laser was demonstrated by Mears et al. [6]. Since then fiber lasers 

made with various rare-earth dopants including Nd, Er, Yb, Ho, Dy, and Eu have been 

investigated [7-8]. However, it is the erbium-doped fiber amplifier (EDFA) for optical 

telecommunications which catalyzes telecom research. The development of EDFAs, 

which was spurred by important telecommunication market demands and backed by the 

immense resources of the telecommunication industry, quickly led to the wide 

availability of knowledge, components, technologies, and equipment relevant to the 

development of optical fiber lasers. This, in turn, led to an extensive amount of research 

being conducted on rare-earth-doped fiber lasers covering continuous wave (CW) lasers, 

Q-switched lasers, mode-locked lasers, upconversion lasers, and single-frequency lasers 

in the late 1980s and early 1990s. 

Two important technologies boost up the output power of fiber lasers. One is the 

invention of double-cladding fibers, and the other is rapid process in high power laser 

diodes. 

Initially, the average power from a single-mode fiber laser pumped by the 

single-mode pump diode was too low for most industry applications. The pump diode 

can only be coupled into the core of the fiber, so just the single-mode pump diode 
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which has low-power output can do this work. Consequently the output power of a 

single-mode fiber laser was confined to the subwatt levels. Higher-power pump diodes 

with large diameter have multi-mode output, and they can’t be coupled efficiently to the 

core of the fiber. Thus a double-cladding fiber scheme was proposed by Snitzer in 1988 

to increase the coupling efficiency of multi-mode pump diodes[9]. The double- 

cladding fiber, which has a small rare-earth-doped single-mode core embedded in a 

much larger multimode pump guide, effectively behaves like a brightness converter, 

which allows conversion of high-power multi-mode pump light to a single-mode laser 

beam guided in the rare-earth doped single-mode core. The double-cladding fiber’s 

configuration will be described in detail later. 

In addition to continuous improvements in crystal growth technologies and the 

purity of materials sources, refinements in laser design, such as increased efficiency, 

improved facet passivation technology, robust die attach and advanced heat sinking, 

drive the growth in the output power of pump diodes [10]. As showed in Fig. 1.1 [11] , 

both single-mode and multi-mode laser diodes have about 15 percent increase on the 

output power every year. Nowadays kw-level commercial products of laser diodes are 

available [12].  

 

 
Fig 1. 1 Growth in multimode and single-mode reliable continuous waves power for 

9XX-nm [11]. 
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1.1.2 Advantages  

An optical fiber is a cylindrical dielectric waveguide made of low-loss material 

such as a silica glass. It has a central core with refractive index n1 in which the light is 

guided, embedded in an outer cladding of slightly lower refractive index n2 (Fig. 1.2). 

Light rays, which incident the core at angles lower than the critical angle: 

arcsinc NA  ，                                          (1) 

where NA, numerical aperture: 

   1 22 2
1 2NA n n  ,                                                 (2) 

undergo total internal reflection and are guided through the core without the refraction. 

Rays of greater inclination to the fiber axis lose part of their energy into the cladding at 

each reflection and are not guided [13]. The V number:  

 1 22 2
1 2

2 2r r
V NA n n

 
 

   ，                                    (3) 

depending on the wavelength λ, the fiber core radius r and the numerical aperture, 

determines the number of modes of a step-index fiber, and is related to n1 and n2 [14]. 

For single-mode guidance, the V number must be below 2.405 [15]. As showed in Fig. 

1.3, thus an optical fiber can be designed properly to support only the lowest-order 

mode, fundamental LP01 mode, without the spatial mode control. So the fiber lasers 

have excellent beam quality which is very important in many applications [16]. 

Another significant benefit is the outstanding heat-dissipation capability [17-19], 

because the fiber has a long length with a large ratio of heat-dissipating surface to 

active volume, as showed in Fig. 1.4. It essentially does not have the active cooling so 

that the laser system can be simplified. 

 

Fig 1. 2 The structure of an optical fiber. 
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Fig 1. 3 The optical fiber can be designed to support multimode or single mode. 

 

 

 

     
Fig 1. 4 An optical fiber has a good thermal dissipation due to (a) a large ratio of 

heat-dissipating surface to active volume and (b) a long length 
 

(a) 

(b) 
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1.2 Fiber concept 

1.2.1 Ytterbium doped fiber 

Ytterbium (Yb) is a chemical element belonging to the group of rare earth metals. 

In laser technology, it has acquired a prominent role in the form of the trivalent ion 

Yb3+, which is used as a laser-active dopant in a variety of host materials, including 

both crystals and glasses. The energy level of Yb3+ ion which consists of two-manifolds; 

the ground manifolds (2F7/2) and a well separated excited manifolds (2F5/2), which 

include four and three Stark shifted levels respectively is shown in Fig. 1.5 [20]. 

Ytterbium doped fiber has a number of interesting properties for high-power fiber lasers. 

The first property is the Yb3+ ion’s simple system with low quantum defect which 

means the pump wavelength is closer to the lasing wavelength. Low quantum defect 

equals less heat generation, which is a huge plus for high-power lasers. The simple 

system of ytterbium is also beneficial, because there is no need to worry too much 

about excited state absorption and cooperative upconversion, both of which are 

channels for power loss. The upconversion process can also lead to photodarkening, 

which compromises the long-term reliability of an optical fiber laser. Unlike for Er3+ 

ions, the manifolds of Yb3+ ion give distinct transitions in absorption and emission 

spectra. For a pump wavelength of 976 nm, a → e is used, especially for cladding 

pumped optical fibers due to high pump absorption. For pump wavelengths around 915 

nm, a → f is sometimes used to provide more tolerance in pump wavelength control; 

this also allows higher gain per unit length due to the much higher inversion possible 

when pumped around 915 nm. Two transitions, one at 1025 nm, e → b, and one at 1080 

nm, e → c, dominate the emission spectra. 

 The effective absorption and emission cross sections of Yb-doped fibers are 

shown in Figure 1.6 [21]. The gain bandwidth of the laser transitions is large due to the 

overlapping of Stark shifted levels which allows for wide wavelength tuning ranges 

(0.9 μm up to 1.2 μm), or for generating ultrashort pulses in mode-locked lasers. The 

upper-state lifetimes are relatively long, around 1.5 ms [21], which is beneficial for 

Q-switching. 
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Fig 1. 5 Energy levels of Yb3+ ions. 
 

 

 

 

Fig 1. 6 Absorption and emission cross sections of Yb3+ in silica glass [21].. 
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1.2.2 Double-cladding fibers(DCFs) 

Double-cladding fibers are an important technology in the area of active fiber 

optics, particularly for high-power fiber lasers [22,23]. In the past a fiber laser based on 

an ordinary doped single-mode fiber can generate a diffraction-limited output, but it 

restricts the pump sources to those with diffraction-limited beam quality and thus 

normally to those with low power. On the other hand, the use of multimode 

fibers usually leads to poor beam quality. This problem can be solved with the invention 

of double-cladding fiber designs. These have a pump cladding (inner cladding) around 

the fiber core, which is itself surrounded by an outer cladding of even lower refractive 

index. The pump cladding, often having a substantially larger diameter than the fiber 

core and also a higher numerical aperture, constitutes a multimode waveguide into 

which high-power pump light can be launched easily and efficiently, even if the pump 

beam quality is not that great. The refractive index of the core is still higher than that of 

the pump cladding, so that it supports a single guided mode, or sometimes a few modes. 

Pump light launched into the inner cladding also gets into the fiber core, where it can be 

absorbed by laser-active ions. The pump light is gradually absorbed by active core 

during propagating in the undoped inner cladding. Figure 1.7 shows how pump light is 

injected into the inner cladding, while signal light is injected into the fiber core and 

remains there. Thus, the structure of DCF is absolutely a good brightness converter.    

 

 

 
Fig 1. 7 Double-cladding fiber structure 
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However, with increasing the diameter of the pump guide, the number of rays 

which do not interact with the absorbing core also increase. In particular, helical rays 

propagating in a meander-like path in the inner cladding have negligible overlap with 

the core and may be lost at the output side. Destroying the symmetry to make the rays 

irregular will be helpful to increase the absorption efficiency. Several shapes of inner 

cladding are proposed to solve the problem [24-26]. Fig. 1.8 shows the different inner 

cladding designs.    

 
 
 

Fig 1. 8 Various designs of double-clad fibers 

 
 
 

1.2.3 Photonic crystal fibers(PCFs) 

   Although DCF can be useful for scaling laser output power, there is some 

restriction. The limiting factor is the nonlinear effects such as stimulated Brillouin 

scattering (SBS), stimulated Raman scattering (SRS), self-phase modulation (SPM) and 

four-wave mixing (FWM) [27]. The nonlinearity of a fiber scales with the fiber length 

and is inversely proportional to mode-field area. To overcome this issue, specialty fiber 

of increasingly large diameter and high pump absorption is necessary in the reduction 

of fiber length. To date, with the development of the fabrication technology modern 

optical fibers are investigated. Photonic crystal fibers (PCFs), also known as 

microstructure fibers (MFS), are currently subject of intense research [28-30]. Photonic 

crystal fibers (PCFs) were first demonstrated in the late 1990s [31,32]. Its potential for 

achieving single-mode operation with large cores was realized very early on[33]. A 

photonic crystal fiber obtains its waveguide properties not from a spatially varying 

glass composition but from an arrangement of very tiny and closely spaced air holes 
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which go through the whole length of fiber. It is drawn from a hexagonal stack of 

capillaries, with typically one to seven capillaries replaced by rods in the center. 

Pressurization of the airholes is typically used to keep the holes from collapsing from 

surface tension during drawing. The center rods form the core. The composite cladding 

material of glass and air makes it easy to achieve a very low refractive index contrast 

between the core and the composite cladding, consequently providing much better 

control at achieving fibers with large mode field diameters and low NAs [34].  

The pump cladding in PCFs is typically made with a layer of airholes with very 

thin glass webs (as showed in Fig. 1.9). This structure has been demonstrated to be 

capable of providing an effective pump NA of ~1. In practice, the glass webs must be 

made thick enough to allow cleaving of the end face [35]. This typically limits pump 

NAs to ~0.6, which is larger than what is possible with low-refractive index polymers. 

As a result, high power pump diodes with high NA can be used.  

The combination of a large mode field diameter with low NA in the core and high 

NA in the pump cladding makes it possible to create single-mode lasers with very short 

fiber lengths, drastically reducing the nonlinear effects. When the nonlinear threshold is 

increasing, the output of fiber lasers can be scaled up significantly. 

 

 

    

Fig 1. 9 Microscope picture of a 7-cell core Yb-doped air-clad PCF. 

 

air-clad 

core 
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1.3 Q-switching 
Q-switching is a technique for obtaining high pulse power [36]. The quality factor 

Q can be defined as the ratio of the energy stored in the cavity to the energy loss per 

cycle [37]. This technique is use to alter the quality factor of the resonant cavity. Hence 

the higher the quality factor, the lower the loss. While the laser pumping is in the 

process, it is necessary to keep the cavity itself from lasing by greatly increasing the 

loss. Then a large population inversion is developed, we restore, or “switch”, the cavity 

Q back to its usual large value. The result is a very short, intense burst of laser output 

which dumps all the accumulated population inversion in a single short laser pulse. The 

peak power of the resulting pulse exceeds that obtainable from the continue-wave laser 

by several orders of magnitude. Lasers to which the Q-switching technique is applied 

are called Q-switched lasers. The possibility of Q-switched laser was first proposed by 

Hellwarth in 1961 [38]. The first experimental observation of Q-switched pulse 

behavior was made by McClung and Hellwarth in 1962 using an electrooptic Q-switch 

in a ruby laser [39]. A complete theoretical treatment was completed by Wagner and 

Lengyel in 1963 [40] and a simplified version was given by Wang in the same year [44]. 

A more elaborate treatment including numerical modeling was performed by Fleck in 

1970 [42]. 

There are several methods that have been developed to achieve switching the Q of 

the resonator. A key requirement for all these methods is that the cavity Q is changed 

quickly enough that the population inversion remains nearly constant during the 

switching process. Generally, a switching time of ~ 10 ns is desirable. When the 

switching time is too long, multiple pulses may result as the population inversion 

oscillates above and below threshold. The Q-switching techniques can roughly divide 

into two categories, active Q-switching and passive Q-switching. For active Q- 

switching, the losses are modulated with an active control element, typically either an 

acousto-optic or electro-optic modulator [43,44]. Here, the pulse is formed shortly after 

an electrical trigger signal arrives. For passive Q-switching, the losses are automatically 

modulated with a saturable absorber [45,46] . Here, the pulse is formed as soon as the 

energy stored in the gain medium has reached a high enough level. In the following 

section, I will discuss the most commonly used methods, including mechanical 

switches, electro-optic switches, acousto-optic switches, and saturable absorbers. 
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1.3.1 Types of Q-switching 

(a) Mechanical Q-switching 

A simple mechanical Q-switching is illustrated in Fig. 1.10. One mirror in the laser 

cavity is fixed in place, and the other rotates at a high speed about a vertical axis. The Q 

of the cavity is then high only when the mirrors are parallel within some tolerance. 

Restricted to the nature of the mechanism, the switching time is so long that multiple 

pulses will be generated. Mechanical Q-switches are the simplest and least expensive of 

Q-switches, but they possess relatively short lifetimes and are not robust in harsh 

environments. 

 

 

Fig 1. 10 Q-switching can be achieved by rotating one of the laser mirrors at a high 
speed. 

 

(b) Electro-optics Q-switching 

The electro-optics switch is formed by placing two optical elements in the path of 

the beam inside the cavity, as showed in figure 1.11.  The first element is a polarizer, 

oriented to allow transmission of only one polarization of light. The second element is a 

Pockels cell , a nonlinear crystal that rotates the polarization of the light when a high 

voltage is applied. With no applied voltage, vertically polarized light is efficiently 

transmitted through both elements, and the cavity Q is high. When an appropriate 

voltage is applied, vertically polarized light is rotated to horizontal polarization in two 

passes through the nonlinear crystal, and this light is then blocked by the polarizer. The 

net result is a low Q value when the voltage is applied. The Q-switching process 

proceeds by initially applying a high voltage to the Pockels cell, and then rapidly 

removing the voltage, which switches the Q from low to high. This type of Q-switching 

is in common use, but requires attention to safety because of the high voltages involved.  
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Fig 1. 11 Electrooptic Q-switching is achieved by placing a Pockels cell and polarizer 
in the laser cavity. Vertical polarization is maintained when V = 0. When a voltage V 
= Vπ/2 is applied, the polarization is rotated from vertical to horizontal after passing 

through the Pockels cell twice. 
 

 

(c) Acousto-optic Q-switching 

In this method, a transparent crystal is inserted into the laser cavity, and high 

intensity acoustic waves are generated in the crystal by an attached piezoelectric 

transducer (PZT), as showed in figure 1.12. The acoustic waves create a periodic 

variation of the crystal’s refractive index, which forms a volume-phase grating. Light 

that is diffracted from this grating increases the cavity loss and decreases Q. The 

Q-switching process starts with the acoustic waves turned on, such that Q is low 

enough to prevent lasing. The acoustic waves are then quickly turned off, which 

increases the Q and enables lasing. 

 

(d) Passive Q-Switching 

So far I have considered active Q-switching, in which the time and duration of the 

change in Q are under active control. The voltage pulse applied to the Pockels cell, or 

the RF power sent to the acousto-optic deflector, occurs with a timing and repetition 

rate determined by the user. An alternative approach is to let the laser cavity Q-switch 

itself, independently of actions by the user. Such a method is termed passive 

Q-switching. 
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Fig 1. 12 In acousto-optic Q-switching, sound waves create a refractive-index grating 
that diffracts part of the beam, spoiling the Q of the cavity. 

 
 
 

Figure 1.13 depicts that passive Q-switch consists of an optical element, such as a 

cell filled with organic dye or a doped crystal, which has a transmission characteristic 

as shown in Fig. 1.14 [47]. The material becomes more transparent as the fluence 

increases, and at high fluence levels the material saturates or bleaches, resulting in a 

high transmission. The bleaching process in a saturable absorber is based on saturation 

of a spectral transition. If such a material with high absorption at the wavelength is 

placed inside the laser resonator, it will initially prevent laser oscillation. As the gain 

increases during a pump pulse and exceeds the round-trip losses, the intracavity power 

density increases dramatically causing the passive Q-switch to saturate. Under this 

condition the losses are low and a Q-switch pulse builds up. Since the passive Q-switch 

is switched by the laser radiation itself, it requires no electro-optic driver, or RF 

generator. As an alternative to active methods, the passive Q-switch offers the 

advantage of an exceptional simple design, which leads to very small, robust, and 

low-cost systems.  
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Fig 1. 13 Placing a saturable absorber inside the laser cavity causes the laser to 
self-Q-switch. 

 
 
 

 

Fig 1. 14 Nonlinear transmission of a saturable absorber versus fluence normalized to 
the saturation fluence Es of the absorber [47]. 

 
 
 
 

1.3.2 Passively Q-switching laser 
Lasers which use the passively Q-switching technique are called passively Q- 

switching lasers, and so are actively Q-switching lasers. Compared with active 

Q-switching lasers, passively Q-switching lasers have not only the simplicity of 

implementation but also the advantages of the generation of a well-defined pulse energy 

and duration that is insensitive to pumping conditions as long as the pump energy is 

above the Q-switching threshold. 
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Originally, saturable absorbers used in passively Q-switching lasers were based on 

different organic dyes, either dissolved in an organic solution or impregnated in thin 

films of cellulose acetate [48,49]. The poor durability of dye-cell Q-switches, caused by 

the degradation of the light sensitive organic dye, and the low thermal limits of plastic 

materials severely restricted the applications of passive Q-switches in the past. The 

emergence of crystals doped with absorbing ions or containing color centers has greatly 

improved the durability and reliability of passive Q-switches. The first new material to 

appear was the F2-:LiF color center crystal [50]. The color centers are induced in the 

crystal by irradiation with gamma, electron, or neutron sources. Today, the most 

common material employed as a passive Q-switch is Cr4+: YAG [51].  

In additional to own the desirable chemical, thermal, and mechanical properties 

required for long life, Cr4+: YAG crystals have 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. 1.15. The Cr4+:YAG crystal is a 

four-level system at the absorption band of 1.0~1.1 μm. 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 3~4 μs [52,53]. Excited-state absorption (ESA) is included in this figure and 

the lifetime for the corresponding decay is of the order of ps [54,55]. The ESA acts a 

loss in the absorption process and results in a degradation of final transmission of 

saturable absorbable. 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 and excited state absorption are not known exactly so far and 

can vary by more than one order of magnitude due to measured cross section depending 

on the property of incident pump beam such as the pulse repetition rate and pulse 

duration, and concentration and homogeneity of Cr4+:YAG crystals. Table 1.1 shows 

the reported results for the σgs and σes. 

In addition to Cr4+:YAG crystals, semiconductor-based saturable absorber is 

another most common material employed as a passive Q-switch recently. 

Semiconductor saturable absorbers offer 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 [59,60]. To date semiconductors have proved to be one of the 
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excellent candidates for passively Q-switching fiber lasers [61,62]. 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, semiconductors are able 

to provide large absorption cross section profit capturing photons in Q-switched lasers. 

Among the semiconductor saturable absorbers, InGaAs and AlGaInP materials are the 

most common ones in passively Q-switching lasers [61,63-64]. Recently AlGaInAs 

quaternary alloys semiconductors have been confirmed with the merits of larger 

conduction band offset [65] (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 [66, 67]. 

Figure 1.16 shows the available range of operating wavelength of AlGaInAs. 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 5.87A.  The energy gap of 

AlGaInAs is determined by the composition of InAlAs and InGaAs and is tunable from 

0.75eV to 1.37eV (1.65μm to 0.9μm). The advantages reveal that AlGaInAs quaternary 

alloys are potentially applicable as saturable absorbers in passively Q-switching lasers 

[68]. Figure 1.17 shows the structure of the AlGaInAs saturable absorber.  

 
 

 

Fig 1. 15 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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σgs( 10-18 cm2) 7±0.8 2±0.4 0.87±0.08 

σes( 10-19 cm2) 2±0.3 2±0.4 2.2±0.2 

σes / σgs 0.286 0.1 0.25 

Ref. [56] [57] [58] 

Table 1. 1  The reported values of σgs andσes of the Cr4+:YAG crystal 
 
 
 

 

Fig 1. 16 Energy gap versus lattice constant in InGaAs-InP-InAlAs system 
 
 

Fig 1. 17 Structure of periodic AlGaInAs QWs saturable absorbers. The periodic 
structure means the region of the saturable absorbers consist periodic groups of several 

QWs, spaced at half-wavelength intervals by barrier layers. 
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1.4 Motivation 

Compared with conventional bulk solid-sate lasers, fiber lasers have some intrinsic 

merits and have seen a tremendous growth in both industrial and research markets. 

Fiber lasers have excellent thermal properties. Their high ratio of heat-dissipating 

surface to active volume allows efficient thermal dissipation and usually they do not 

need active cooling. In addition, the property of wave guide tends to reduce thermal 

distortion of the beam and achieves excellent beam quality independent of the power. 

Fiber lasers can be fabricated robustly with long lifetime stability and reliability. The 

cladding pump scheme has enabled the coupling of high power LDs with large NA into 

the fiber lasers. A pulsed laser may be advantageous over a continuous one in some 

applications, such as remote sensing, material processing, and medical needs [69-71], 

due to its higher peak power. 

Recently there has been considerable interest in studying Yb doped fiber lasers 

because of their beneficial properties for a number of applications. With a small 

quantum defect (difference in the energy of the pump photons and the emitted photons), 

Yb doped fiber lasers are suitable for high power operation with reduced thermal 

loading. The relatively long upper-state lifetime of Yb enables more efficient pumping 

from a given diode pump source and storage of a large amount of energy which is of 

benefit for Q-switching operation. Many actively and passively Q-switched DC Yb 

fiber lasers have been reported to date [72-77]. The emission spectrum of Yb is also 

broad which allows wide wavelength tuning or multi-wavelength lasing [78-81].  

Passive Q-switching (PQS) is a sophisticated and an efficient technique to create 

high-pulse-energy and high-peak-power pulses. Besides, PQS lasers are more compact 

and lower cost than the active Q-switching cause of that they utilize saturable absorbers 

(SAs) in replace of acoustic-optic or electro-optic modulators as the Q-switch. 

Fiber-type SA [82-84] offers the in-line configuration, nevertheless they are restricted 

by modulation depth to deliver high-pulse-energy laser. Crystal-based and semi- 

conductor-based SAs are other choices of passive Q-switch. Their high mechanical 

robustness and well-developed fabrication process make them more common in 

Q-switched fiber lasers [85-87]. In the spectral region of 1.0~1.1 μm, Cr4+:YAG 

crystals [85] and InGaAs/GaAs quantum wells (QWs) [87] have been adopted to 

Q-switch fiber lasers. However, the output pulse energy with InGaAs SESAMs in 

passively Q-switched lasers are limited by the lattice mismatch with the substrate GaAs 
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for the spectral region of above 1.0 μm. As a consequence, the output pulse energies 

and the conversion efficiencies with InGaAs/GaAs QWs in passively Q-switched lasers 

are generally significantly lower than those with Cr4+:YAG crystals. Recently, an 

AlGaInAs with a periodic QW/barrier structure has been exploited to be an efficient 

saturable absorber for a passively Q-switched Nd:YVO4 laser [88]. Compared with 

InGaAsP materials, the AlGaInAs quaternary alloy with a larger conduction band offset 

is confirmed to offer a superior electron confinement in the 0.84-1.65 μm spectral 

region [89-91]. Nevertheless, AlGaInAs/InP QWs have not been employed to passively 

Q-switching Yb-doped fiber lasers. Therefore, it is interesting to stuy a passively Q- 

switching Yb-doped fiber laser with an AlGaInAs/InP QWs saturable absorber, and 

have a comparison between Cr4+:YAG crystal and AlGaInAs QWs. 

To achieve higher pulse energy, it is necessary to enlarge the active volume of the 

gain medium, corresponding to the doped core size of the fiber. However, the 

conventional double-cladding fibers suffer from mode-quality degradation and their 

long lengths usually lead to long pulse widths and low peak powers. For improving 

these deficiencies, photonic crystal fibers have been developed to provide large 

single-mode cores and high absorption efficiencies. So far passively Q-switching Yb- 

doped photonic crystal fiber lasers with AlGaInAs QWs or Cr4+:YAG crystal as the 

saturable absorber have not been investigated, so I have some studies about these.  

The configuration of master oscillator fiber amplifier (MOFA) consists of a seed 

laser and a fiber amplifier for boosting the output power. Because the output 

performance is affected by the low-power seed laser which can be easily modulated, 

shorter pulse width can be attained by shortening the cavity length of the seed laser. 

Therefore, it is necessary to use the MOFA to have higher-peak-power pulse lasers. 

Thus I use the MOFA to have some studies.      
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2.1 Passively Q-switched double-cladding fiber laser 
with AlGaInAs quantum wells 

 

2.1.1 Introduction 

Fiber lasers have been confirmed to possess the merits of high efficiency, excellent 

beam quality, and good heat dissipation. High-pulse-energy Q-switched fiber lasers are 

practically useful in numerous applications, such as range finding, remote sensing, 

industrial processing, and coherent lidar systems [1–4]. Passively Q-switched lasers 

with saturable absorbers have attracted significant attention because of their 

compactness and simplicity in operation. Several saturable absorbers have been 

developed to replace the dyes used in solid-state lasers, such as Cr4+-doped crystals [5–

9] and semiconductor saturable absorber mirrors (SESAMs) [10,11]. Currently, 

Cr4+:YAG crystals are the most recognized saturable absorbers in the spectral region of 

0.9–1.2 μm. Passively Q-switched fiber lasers with Cr4+:YAG saturable absorbers have 

been recently demonstrated [12–14], among which the maximum pulse energy achieved 

with a large-mode-area Yb-doped fiber was120 μJ. 

Alternatively, InGaAs/GaAs quantum wells (QWs) have been used to develop the 

SESAMs for Nd-doped or Yb-doped lasers. The obtainable absorption change between 

low and high intensities, however, is hindered by the lattice mismatch for the spectral 

region of above 1.0 μm. As a consequence, the output pulse energies and the 

conversion efficiencies with InGaAs SESAMs in passively Q-switched lasers are 

generally significantly lower than those with Cr4+:YAG crystals. Recently, an 

AlGaInAs with a periodic QW/ barrier structure has been exploited to be an efficient 

saturable absorber for a passively Q-switched Nd:YVO4 laser [15]. Compared with 

InGaAsP materials, the AlGaInAs quaternary alloy with a larger conduction band offset 

is confirmed to offer a superior electron confinement in the 0.84–1.65 μm spectral 

region [16–18]. Nevertheless, AlGaInAs/InP QWs have not been employed to passively 

Q switch Yb-doped fiber lasers. 

We demonstrate a high-pulse-energy passively Q-switched Yb-doped fiber laser 

with an AlGaInAs/InP QWs saturable absorber. With an incident pump power of 7.6 W, 

an average output power of 3.8 W with a Q-switched pulse width of 30 ns at a pulse 

repetition rate of 12.5 kHz was obtained; consequently, the maximum pulse energy was 

up to 300 μJ. More importantly, the overall Q-switching efficiency could exceed 90% 

because of a low nonsaturable loss. 
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2.1.2 Characteristics of semiconductor saturable absorber 
The structure of the semiconductor saturable absorber was essentially similar to 

that reported in [15]. The previous saturable absorber consisted of 30 groups of two 

QWs, spaced at half-wavelength intervals by InAlAs barrier layers with a bandgap 

wavelength around 805 nm. Here we fabricated a saturable absorber with 50 groups of 

three QWs to increase the modulation strength. The luminescence wavelength of the 

saturable absorber was designed to be near 1066 nm. 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. Each side of the 

semiconductor saturable absorber was antireflection coated to reduce back reflections 

and the couplecavity effects. Figure 2.1 shows the measured result for the low-intensity 

transmittance spectrum of the QW saturable absorber. The initial transmission of the 

absorber at the wavelength of 1066 nm was found to be approximately 26%. The 

operation bandwidth of the absorber is approximately 8 nm. With the z-scan method, 

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 1 mJ/cm2, and its relaxation time was on the order of 100 ns. 

 

2.1.3 Experimental setup 
Figure 2.2 depicts the schematic of the experimental setup for the passively 

Q-switched fiber laser, which is composed of a 1.5 m Yb-doped fiber and an external 

feedback cavity. The external cavity comprises a reimaging lens, a saturable absorber, a 

highly reflective mirror at 1.06 μm for feedback, and a Fabry–Perot thin film filter (FP 

filter) for controlling the lasing wavelength. The peak of the FP filter is at 1100 nm 

with a FWHM bandwidth of 5 nm at normal incidence. 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, a diameter of 250 μm octagonal inner cladding with an NA of 0.46, and a 25 

μm circular core with an NA of 0.07. Note that the robust single-mode output was 

achieved with a unique low NA feature of the core. 
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Fig 2. 1 Transmittance spectrum at room temperature for the AR- coated 

AlGaInAs/InP saturable absorber. Inset, schematic diagram of a periodic AlGaInAs 
QW structure. 

 
 

 
 
Fig 2. 2 Schematic diagram of the experimental setup. HR, high reflection; HT, high 

transmission. 
 
 
 

The pump source was a 10 W 976 nm fiber-coupled laser diode with a core 

diameter of 400 μm and an 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 (>98.8%) 

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 
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Wavepro 7100; 10G samples/s; 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). 

 

2.1.4 Results and discussions 
Figure 2.3 shows the average output powers with respect to the incident pump 

power in cw and passive Q-switching operations. 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 4 W at an incident pump power 

of 7.6 W in a cw operation, and the corresponding slope efficiency was 66%. In the 

passive Q-switching operation, an average output power of 3.8 W was obtained at an 

incident pump power of 7.6 W. The Q-switching efficiency, which is defined as ratio of 

the Q-switched output power to the cw power, at the same pump power, can be found to 

exceed 90%. This Q-switching efficiency is considerably better than the results 

obtained with the Cr4+:YAG saturable absorber [13]. The superior Q-switching 

efficiency confirms that the AlGaInAs QW material can be exploited to be an efficient 

absorber with a large modulation change and a quite low nonsaturable loss. The lasing 

linewidth was narrower than 1.0 nm with the help of a dielectric bandpass filter, as 

shown in the inset of Figure 2.3. The M2 factor was also measured to be less than 1.5 

over the complete output power range, owing to the low-NA feature of the fiber. 

Furthermore, we also detuned the resonant wavelength (by tilting the FP filter) to 

investigate the bandwidth of comparable Q-switching performance. It is found that the 

output pulse energy of >280 μJ with the identical Q-switching efficiency could be 

obtained within 1066±4 nm. 

Figure 2.4 shows the pulse repetition rate and the pulse energy versus the incident 

pump power. It can be seen that the pulse repetition rate increases monotonically with 

the pump power up to 12.5 kHz and that the pulse energy is approximately 300 μJ for 

all pump power range. The pulse duration, as shown in Figgure 2.5(a), was found to be 

almost constant at 30 ns for all pump powers. As a consequence, the maximum peak 

power reaches approximately 10 kW. A typical oscilloscope trace of a train of output 

pulses is shown in Figure 2.5(b). Under the optimum alignment condition, the 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 QWs saturable 

absorbers are superior to the results obtained with Cr4+:YAG crystals [12–14]. 
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Fig 2. 3 Average output powers at 1066 nm with respect to the incident pump power 
in cw and passively Q-switching operations. 

 
 
 

 
Fig 2. 4 Experimental results for the pulse repetition rate and the pulse energy versus 

incident pump power. 
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Fig 2. 5 Expanded shape of a single pulse and (b) typical oscilloscope trace of a train 

of output pulses. 
 
 
 

2.1.5 Conclusion 
In summary, a high-pulse-energy passively Q-switched Yb-doped fiber laser was 

developed with an AlGaInAs/InP QW saturable absorber. Stable Q-switched pulses of 

30 ns duration with an average output power of 3.8 W and a repetition rate of 12.5 kHz 

were obtained at an incident pump power of 7.6 W. The overall Q-switching efficiency 

was found to exceed 90%. Excellent results confirm that the AlGaInAs QW material 

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

quite-low nonsaturable loss. 
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2.2 Comparative studies for Cr4+:YAG crystal and 
AlGaInAs quantum wells in passively Q-switched 
double-cladding fiber lasers 

 

2.2.1 Introduction 
The rapid development of double-clad rare-earth doped fibers and high-power 

laser diodes spirits the generation of high-power and high-brightness light sources 

[19-21]. Pulsed fiber lasers have attracted a great deal of attentions in applications 

owing to their higher peak power than in CW operation. Passive Q-switching (PQS) is a 

sophisticated and an efficient technique to create high-pulse-energy and high-peak- 

power pulses. Besides, PQS lasers are more compact and lower cost than the active 

Q-switching cause of that they utilize saturable absorbers (SAs) in replace of 

acoustic-optic or electro-optic modulators as the Q-switch. 

Fiber-type SA [22-24] offers the in-line configuration, nevertheless they are 

restricted by modulation depth to deliver high-pulse-energy laser. Crystal-based and 

semiconductor-based SAs are other choices of passive Q-switch. Their high mechanical 

robustness and well-developed fabrication process make them more common in 

Q-switched fiber lasers [25-29]. In the spectral region of 1.0~1.1 μm, Cr4+:YAG 

crystals [25] and InGaAs/GaAs quantum wells (QWs) [28] have been adopted to 

Q-switch fiber lasers. However, the output pulse energy with InGaAs SESAMs in 

passively Q-switched lasers are limited by the lattice mismatch with the substrate GaAs 

for the spectral region of above 1.0 μm. Alternatively, AlGaInAs material has the 

advantages of lattice match with the substrate InP and better electron confinement in 

the 0.84-1.65 μm spectral region than AlGaInP materials [16,17]. We have recently 

utilized AlGaInAs periodic QWs to Q-switch a Nd:YVO4 laser [15] and an Yb fiber 

laser [30], they could emit pulse energy up to 40 and 300 μJ, respectively. Furthermore 

both of them delivered pulse peak power ≧ 10 kW. Consequently, AlGaInAs semi- 

conductor QWs is comparable with Cr4+:YAG crystal in the region of 1.0~1.1 μm. 

We will report on comparative studies for Cr4+:YAG crystal and AlGaInAs 

semiconductor used as a SA in Q-switched Yb-doped fiber lasers. The two SAs were 

designed to be possessed of nearly identical small-signal transmission of ~28%. 

Experimental results reveal that the maximum transmissions are 85% and 96% for the 

Cr4+:YAG crystal and the AlGaInAs QWs, respectively. Under a pump power of 24 W, 

the average output powers were up to 14.4 W and 13.8 W obtained with the AlGaInAs 
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QWs and with the Cr4+:YAG crystal, respectively. The maximum pulse energies 

obtained with the AlGaInAs QWs and with the Cr4+:YAG crystal were found to be 0.45 

mJ and 0.35 mJ, respectively. 

 
 

2.2.2 Characteristics of saturable absorbers 
The Cr4+:YAG crystal has thickness of 3 mm and was highly doped with a small 

signal transmission of 28%. Both sides of the Cr4+:YAG crystal were coated for 

antireflection at 1030 ~1080 nm (R<0.2%). The AlGaInAs absorber was designed with 

50 groups of three QWs as described in Ref [30]. Both sides of the semiconductor SA 

were coated for anti-reflecting to reduce back reflections and the couple-cavity effects. 

Figure 2.6 shows the saturation transmission of the SAs, where the pump source was a 

nanosecond Nd:YAG Qswitched laser. The saturation energy density of AlGaInAs 

QWs and Cr4+:YAG crystal are estimated to about 1 mJ/cm2 and 300 mJ/cm2, 

respectively. The deduced absorption cross-section of the Cr4+:YAG crystal is in the 

order of 10-19 cm2 and agrees approximately with Ref. [31-33]. Besides, the 

cross-section for the AlGaInAs QWs was obtained in the order of 10−15 cm2. The 95% 

final transmission of AlGaInAs reveals the low nonsaturable loss induced by the facet 

reflection and absorption by the substrate. On the other hand, the final transmission of 

the Cr4+:YAG was only 85%, the lossy phenomenon was attributed mainly to the 

excited-state absorption (ESA) [34]. The final transmission influenced by the ESA 

effect could be express approximately as Tf =Ti
β, where Tf and Ti are the final and 

initial transmission, respectively, and the parameter β is the ratio of the absorption 

cross-section of the excited-state and the ground-state, i.e. β =σ es /σ gs . The values of β 

derived from Ref [31-33]. ranges from 0.1~0.28 and is 0.128 in our experiment. The 

modulation depth could be found to be 68% for AlGaInAs QWs and 57% for the 

Cr4+:YAG crystal. Furthermore, the relaxation time of the AlGaInAs QWs the 

Cr4+:YAG crystal were estimated to be on the order of 100 ns and 3 μs respectively. 
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Fig 2. 6 Saturation transmission of the AlGaInAs QWs and the Cr4+:YAG crystal. 

 
 
 

2.2.3 Experimental setup 
The cavity consists of a 3-m Yb-doped fiber and an external feedback cavity with 

a SA. Figures 2.7 (a) and (b) show the setups for PQS fiber lasers by use of a Cr4+:YAG 

crystal and a AlGaInAs semiconductor, respectively. The fiber has an absorption 

coefficient of 10.8 dB/m at 976 nm and a double-clad structure with a 350 μm 

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

0.46, and 30μm circular core with a NA of 0.07. The use of the large-mode-area fiber 

with low NA is beneficial for storing higher pulse energies and sustaining excellent 

beam quality simultaneously. The external cavity in Fig. 2.7 (a) consists of a focusing 

lens of 25-mm focal length to focus the fiber output into the Cr4+:YAG crystal, a 

re-imaging lens to re-image the beam on a highly reflective mirror for feedback, and a 

thin film filter for controlling the resonant wavelength. The SA was wrapped with 

indium foil and mounted in a copper block without active cooling. Here we used a tight 

focusing configuration to enhance the energy inside the Cr4+:YAG crystal. The beam 

waist was about 20 μm and a translation stage was used to adjust the longitudinal 

position of the Cr4+:YAG saturable absorber for minimizing the beam volume inside the 

crystal and achieving the lowest Q-switching threshold. On the other hand, the low 

saturation energy density of the AlGaInAs QWs could allow a simple external cavity, 
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as shown in Fig. 2.7 (b), where the beam spot diameter was approximately 300 μm. 

And the peak optical intensity allowed on the AlGaInAs QWs is estimated to be 300 

MW/cm2 without damage. The SA was tilted slightly to avoid facet reflection back to 

the gain fiber, which usually incurs parasitic fluctuation in pulse stability in high gain 

fiber lasers. 

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. 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%) 

within 1030~1100 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%. 

 
 
 

 
 

 
 

Fig 2. 7 Schematic of diode-pumped PQS Yb-doped fiber lasers. (a) with Cr4+:YA 
crystal (b) with AlGaInAs QWs. HR: high reflection; HT: high transmission. 
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2.2.4 Results and discussions 
Figure 2.8 shows the average output powers with respect to the launched pump 

power in cw and PQS operations. The cw operation was performed with an external 

cavity only comprising a re-imagining lens and a reflective mirror. In the cw regime, 

the laser had a slope efficiency of 74% and the output power reached 15.8 W at a 

launched pump power of 24 W. In the PQS regime, the maximum average output 

powers at a launched pump power of 24 W were up to 14.4 W and 13.8 W with the 

AlGaInAs QWs and with the Cr4+:YAG crystal, respectively. The Q-switching 

efficiencies were 91% and 87% for the lasers with with the AlGaInAs QWs and with 

the Cr4+:YAG crystal, respectively. 

 
 
 

 

Fig 2. 8 Dependence of the average output power on the launched pump power for 
the cw and passive Q-switching operations. 
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The pulse temporal behavior was recorded by a Leroy digital oscilloscope 

(Wavepro 7100; 10G samples/sec; 4 GHz bandwidth) with a fast InGaAs photodiode. 

Figure 2.9 shows the pulse characteristics including the pulse repetition rate and the 

pulse energy. Figure 2.9 (a) shows the pulse repetition rate versus the launched pump 

power. The repetition rates of both lasers increased monotonically with the pump power. 

At a launched pump power of 24 W, the repetition rates were 38 kHz and 30 kHz for 

using the Cr4+:YAG crystal and the AlGaInAs QWs, respectively. Figure 2.9 (b) shows 

the pulse energy versus the launched pump power. The pulse energy with the Cr4+:YAG 

crystal was almost constant at 0.3 mJ for the pump power less than 20 W and slightly 

increased up to 0.35 mJ at a pump power of 24 W. On the other hand, the pulse energy 

with the AlGaInAs QWs increases gradually, from 0.25 mJ at the threshold to 0.45 mJ 

at a pump power of 24 W. 

Another interesting characteristic of saturable absorbers is the wavelength- 

dependent absorption. In this investigation the thin film filter was tilted for controlling 

the lasing wavelength from 1055 nm to 1083 nm. Figure 2.10 shows the pulse energy 

versus the lasing wavelength at a pump power of 24 W. Since the absorption bandwidth 

of the AlGaInAs QWs was rather narrower, the variation of the pulse energy with the 

AlGaInAs QWs was more significant than that with the Cr4+:YAG crystal. Therefore, 

the Cr4+:YAG crystal is more suitable than the AlGaInAs QWs for using in tunable 

operation. 

The temporal shapes of the Q-switched pulses for the maximum pulse energy were 

depicted in Fig. 2.11 The top of Fig. 2.11 shows the single Q-switched envelops. The 

pulse durations were 70 ns and 60 ns for using the Cr4+:YAG crystal and the AlGaInAs 

QWs, respectively. The bottom of Fig. 2.11 show the typical oscilloscope traces of 

Q-switched pulse train with the optimum alignment. The pulse-to-pulse stability was 

found to be noticeably better with the AlGaInAs QWs than with the Cr4+:YAG crystal 

under 30 °C because of the proper cooling ability by the copper sink. Without any 

cooling mechanism, the pulse-to-pulse stability and the laser output energy will be 

reduced. 
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Fig 2. 9 (a) Pulse repetition rate and (b) pulse energy versus the launched pump 
power. 
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Fig 2. 10 Pulse energy versus the resonant wavelength. 

 
 
 

  

Fig 2. 11 Top: Oscilloscope traces of a typical Q-switched envelope; Bottom: 
Oscilloscope traces of a train of Q-switched pulses. 
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2.2.5 Conclusion 
In conclusion, we have demonstrated comparative studies for the Cr4+:YAG 

crystal and the AlGaInAs QWs used as a SA in efficient high-pulse-energy PQS 

Yb-doped fiber lasers. The two SAs were designed to exhibit nearly identical 

small-signal transmission of ~28%. Under a pump power of 24 W, the average output 

powers were up to 14.4 W and 13.8 W obtained with the AlGaInAs QWs and with the 

Cr4+:YAG crystal, respectively. The maximum pulse energies obtained with the 

AlGaInAs QWs and with the Cr4+:YAG crystal were 0.45 mJ and 0.35 mJ, respectively. 

The pulse-to-pulse stability was found to be noticeably better with the AlGaInAs QWs 

than with the Cr4+:YAG crystal. Nevertheless, the Cr4+:YAG crystal has a broader 

absorption band that is beneficial to the tunable operation. It is believed that the 

efficient Q-switched fiber lasers should be useful light sources for technical 

applications because of its high average power as well as high pulse energy. 
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3.1 Passively Q-switched photonic crystal fiber laser 
with AlGaInAs quantum wells 

 

3.1.1 Introduction 
High-power diode-pumped double-clad rare-earth doped fiber lasers have been 

proved to be efficient and compact with excellent beam quality, high efficiency, and 

good thermal management [1-3]. Q-switched fiber lasers are practically useful in a 

variety of applications in virtue of their high pulse energy, such as remote sensing, 

industrial processing, and medical needs [4-6]. Compared with active Q-switching 

techniques, passive Q-switching methods that employ saturable absorbers can 

considerably enhance the compactness and simplify the operation [7-10]. By enlarging 

the active volume of the gain medium, corresponding to the doped core size of the fiber, 

one can achieve the merit of the high pulse energy. However, the conventional 

large-core fibers suffer from mode-quality degradation and their long lengths usually 

lead to long pulse widths and low peak powers. For improving these deficiencies, 

photonic crystal fibers (PCFs) have been developed to provide large single-mode cores 

and high absorption efficiencies. The PCF was recently employed to demonstrate a 

passively Q-switched laser with a Cr4+:YAG crystal as a saturable absorber in which 

under a pump power of 14.2 W, an average output power of 3.4 W with a repetition rate 

of 5.6 kHz was generated, corresponding to a pulse energy of 630 μJ [11]. However, 

the scale-up of the pulse energy is hindered by the nonsatuarble loss of the Cr4+:YAG 

crystal [9]. 

In recent years, an AlGaInAs semiconductor material with a periodic 

quantum-well (QW) structure grown on a Fe-doped InP structure has been successfully 

used as a saturable absorber in an Yb-doped fiber laser to produce pulse energy up to 

450 μJ [9]. It was found that the saturation fluence of the AlGaInAs QW absorber was 

two orders of magnitude smaller than that of Cr4+:YAG crystal. This property enables 

the AlGaInAs QW devices to be appropriate saturable absorbers for high-gain lasers. 

More importantly, experimental results also revealed that the AlGaInAs QW absorber 

has a lower nonsatuarble loss than the Cr4+:YAG crystal with the same initial 

transmission. This result indicates that AlGaInAs QW absorbers have a potential to 

generate much higher pulse energies. So far, AlGaInAs QWs have not been employed 

to passively Q-switch Yb-doped PCF lasers. 

We demonstrate a millijoule-level passive Q-switched Yb-doped photonic crystal 
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fiber laser with AlGaInAs QWs as a saturable absorber. We fabricate three types of 

AlGaInAs devices with different QW numbers to investigate the performance of 

passively Q-switched PCF lasers. With 50 groups of three AlGaInAs QWs as a 

saturable absorber and under a pump power of 16 W, the PCF laser generates an 

average power of 7.1 W at the pulse repetition rate of 6.5 kHz, corresponding to a pulse 

energy of approximately 1.1mJ. The overall pulse-to-pulse amplitude fluctuation and 

the temporal jitter are found to be well below 10% in root mean square (rms). I also 

calculated the peak power by integrating the photodiode traces and found its maximum 

value to reach 110 kW. 

 
 

3.1.2 AlGaInAs QWs absorber and experimental setup 
Similar to the previous structure [9] the saturable absorbers that offered by 

TrueLight Corporation were AlGaInAs QW/barrier structures grown on a Fe-doped InP 

substrate by metalorganic chemical-vapor deposition. The saturable absorbers were 

designed to consist of many groups of several QWs, spaced at half-wavelength intervals 

by InAlAs barrier layers with the band-gap wavelength around 806 nm and with the 

luminescence wavelength near 1064 nm. The thickness of the saturable absorbers was 

approximately 400 μm. Compared with other similar QWs devices, AlGaInAs material 

has the advantages of lattice match with the substrate InP over InGaAs/GaAs that 

output pulse energy of the passive Q-switch and the conversion efficiency are limited as 

a result of the lattice mismatch. AlGaInAs materials is also superior to InGaAsP 

material which can be grown on InP substrate because of its better electron confinement 

covering the wavelength range in 0.84-1.65μm provided by the larger conduction band 

offset [12,13]. In this work we fabricated three types of AlGaInAs QWs that posses 50 

groups of three QWs (3 × 50 QWs), 30 groups of three QWs (3 × 30 QWs), and 30 

groups of two QWs (2 × 30 QWs). Figures 3.1(a)–(c) depict the schematic diagrams of 

three periodic AlGaInAs QWs structures. Figure 3.2 shows the measured results for the 

low-intensity transmittance spectrum of the three QW saturable absorbers. The initial 

transmissions of the absorbers near the wavelength of 1030 nm can be seen to be 18%, 

36%, and 48% for the devices of 3 × 50 QWs, 3 × 30 QWs, and 2 × 30 QWs, 

respectively. With the z-scan method [9], I found that the modulation depths between 

low and high intensities were approximately 77%, 59%, and 47% for the absorbers of 3 

× 50 QWs, 3 × 30 QWs, and 2 × 30 QWs, respectively. We also found that the 
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nonsaturable losses for three devices were less than 5%. The low nonsaturable losses 

indicate the quality of the QW devices to be rather high. Furthermore, the saturation 

fluence of the QW absorbers was measured to be in the range of 1 mJ/cm2 and the 

relaxation time to be on the order of 100 ns [14]. The damage threshold for the 

AlGaInAs QWs was found to be approximately 300 MW/cm2. Both sides of the 

semiconductor absorber have a simple single layer coating to reduce back reflections 

and the couple-cavity effects. The scheme of the experimental setup is shown in Fig. 

3.3 (a). The cavity is composed of a 0.55 m polarization maintaining Yb-doped PCF 

(NKT photonics) that is the same one described in Ref. 11 and an external feedback 

cavity with a saturable absorber. Figure 3.3 (b) depicts the image of the cross section of 

the PCF pumped by a 532 nm light source. Since the absorption coefficient of the PCF 

was approximately 30 dB/m at 976 nm, the overall absorption efficiency could reach 

95%. The rod-type PCF has a mode field diameter of 55 μm and a low numerical 

aperture (NA) of 0.02 to sustain the excellent beam quality. The pump cladding of the 

PCF has a diameter of 200 μm and an air-cladding to maintain a high NA of 0.6. The 

PCF was surrounded with a 1.7-mm thick outer cladding and was sealed with end-caps 

for protection. The boron doped stress-applying parts near the core were adopted to 

induce birefringence that produces diverse spectral losses to form a linearly polarization 

state for the fundamental mode.  

The external cavity incorporates with a focusing lens of 50-mm focal length to 

focus the fiber output into the AlGaInAs QW absorber and a high reflective mirror 

behind the absorber for feedback. The AlGaInAs QW absorber was mounted in a 

copper block as a heat sink and with water cooling. The mode diameter on the saturable 

absorber was approximately 200 μm. The pump source was a 20-W 976-nm fiber- 

coupled laser diode with a core diameter of 200 μm and a numerical aperture of 0.2. 

Focusing lens with 25-mm focal length as one of the lens pairs depicted in Fig. 3.3 (a) 

and 90% coupling efficiency was used to re-image the pump beam into the fiber 

through the dichroic mirror with high transmission (HT, T>90%) at 976 nm and high 

reflectivity (HR, R>99.8%) within 1030~1100 nm. The pump spot radius was 

approximately 100 μm, and the pump coupling efficiency was estimated to be around 

80%. The laser spectrum was measured by an optical spectrum analyzer with 0.1 nm 

resolution (Advantest Q8381A). The pulse temporal behavior was recorded by Leroy 

digital oscilloscope (Wavepro 7100; 10G samples/sec; 4 GHz bandwidth) with a fast 

InGaAs photodiode. 
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Fig 3. 1 Schematic diagrams of three periodic AlGaInAs QWs structures. 
 
 
 

 
Fig 3. 2 Low-intensity transmittance spectrum of the three QW saturable absorbers. 
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Fig 3. 3 (a) Setup for the passively Q-switched PCF laser; (b) image of the cross 

section of PCF. 
 
 

3.1.3 Experimental results and discussions 
Figure 3.4 depicts the average output power versus the launched pump power in 

CW and passive Q-switching operation. The external cavity in the CW operation 

contained only a re-imagining lens and a reflective mirror without the saturable 

absorber. At a launched pump power of 16 W, the CW PCF laser was found to generate 

an output power of 8.7 W, corresponding to a slope efficiency of 78%. In the passive 

Q-switching operation, the average output powers at a launched pump power of 16 W 

were 7.1 W, 7.7 W, and 8.0 W for the lasers with the saturable absorbers of 3 × 50, 3 × 

30, and 2 × 30 QWs, respectively. The signal intensity of the amplified spontaneous 

emission (ASE) is 40 dB below the lasing signal of 1030 nm measured by the optical 

spectrum analyzer, so the fraction of the ASE output power can be neglected. As a 

result, the Q-switching efficiency (the ratio of the average power of Q-switched 

operation to that of CW one) were approximately 82%, 89%, and 92% for the lasers 

with the saturable absorbers of 3 × 50, 3 × 30, and 2 × 30 QWs, respectively. The 

overall Q-switching efficiency was significantly superior to the results obtained with 

Cr4+:YAG crystals as saturable absorbers [11]. The lasing spectra for CW and passive 

Q-switching operations were quite similar with the peaks near 1030 nm and bandwidths 
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to be approximately 0.4 nm. The laser output was found to be linearly polarized with an 

extinction ratio of approximately 100:1, evidencing the function of the polarization 

maintaining in PCF. The M2 factor was found to be generally smaller than 1.3 over the 

entire output power range, owing to the low-NA feature of the PCF.  

Figure 3.5 shows the pulse repetition rates in the passive Q-switching operation 

versus the launched pump power. Experimental results reveal that the pulse repetition 

rates for all cases increase monotonically with the pump power. At a launched pump 

power of 16 W, the pulse repetition rates were found to be 6.5 kHz, 16 kHz, and 23 kHz 

for the lasers with the saturable absorbers of 3 × 50, 3 × 30, and 2 × 30 QWs, 

respectively. With the experimental results of the average output power and the pulse 

repetition rate, we calculated the pulse energies versus the launched pump power. It 

was found that the pulse energies were nearly independent of the pump power and their 

average values were 1.1 mJ, 0.49 mJ, and 0.35 mJ for the lasers with the saturable 

absorbers of 3 × 50, 3 × 30, and 2 × 30 QWs, respectively. Fiber laser systems with 

energy of millijoule-class had been demonstrated with either actively Q-switched 

oscillator [15-17] or the master oscillator power fiber amplifier scheme [18-20]. To the 

best of our knowledge, this is the first time that the millijoule-level energy output was 

achieved with the passive Q-switching scheme in a PCF laser. 

 
 

 

Fig 3. 4 Average output power with respect to launched pump power in CW and 
passive Q-switching operations. 
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Fig 3. 5 Pulse repetition rates in the passive Q-switching operation versus the 

launched pump power. 
 
 
 

Figures 3.6(a)–3.6(c) depict typical oscilloscope traces for the single Q-switched 

pulses of the lasers with the saturable absorbers of 2 × 30, 3 × 30, and 3 × 50 QWs, 

respectively. It can be seen that the temporal shape of the single Q-switched pulse 

obtained with the absorber of 2 × 30 QWs is a simple pulse, whereas the temporal 

shape obtained with the absorber of 3 × 50 QWs reveal conspicuous modulation whose 

period is nearly equal to the round trip time. The self-modulation phenomenon inside 

the Q-switched envelope has been frequently observed in pulsed fiber lasers. This 

phenomenon is generally considered to arise from the stimulated Brillouin scattering 

(SBS) which can provide strong feedback to the cavity together with pulse compression. 

The SBS-related pulses have been demonstrated in different fiber laser designs, such as 

self-Q switched [21-23], actively Q-switched [24,25], and passively Q-switched [26,27] 

fiber lasers. Note that another self-modulation phenomenon was found in passively 

Q-switched Nd-doped crystal lasers with Cr4+:YAG crystals as saturable absorbers 

[28-31]; however, the origin is attributed to the excited-state absorption of the absorber 

and the fluctuation mechanism [32,33]. Our results reveal that the pulse energy 

obtained with the absorber of 3 × 30 QWs is just above the SBS threshold. As seen in 

Fig. 3.6(b), the rear end of the pulse exhibits a fast transient dynamics. On the other 



 

 55

hand, the intense SBS effect leads to the pulse to be strongly modulated, as seen in Fig. 

3.6(c). With the numerical integration, we found the maximum peak powers were 7.4 

kW, 12.8 kW, and 110 kW for the lasers with the saturable absorbers of 2 × 30, 3 × 30, 

and 3 × 50 QWs, respectively. The corresponding optical intensity on the 3 × 50 QWs 

was 350 MW/cm2 which is quite close to the damage threshold of the saturable 

absorber, but no optical damage was observed. Figures 3.7(a)–3.7(c) show typical 

oscilloscope traces of a train of output pulses obtained with the saturable absorbers of 2 

× 30, 3 × 30, and 3 × 50 QWs, respectively. It can be seen that for the laser with the 

absorber of 2 × 30 QWs the pulse-to-pulse amplitude fluctuation was generally less 

than 4% in rms. Even for the case of 3 × 30 QWs, just above the SBS threshold, the 

pulse-to-pulse amplitude fluctuation was also smaller than 4% in rms. Although the 

strong SBS effect might deteriorate the pulse stability to some extent, the pulse-to-pulse 

amplitude fluctuation could still be maintained to be 8.5% in rms for the laser with the 

saturable absorber of 3 × 50 QWs, as shown in Fig. 3.7(c). Compared with the previous 

results, the pulse stability was superior to that obtained in Ref. 9 and slightly 

diminished with respect to Ref. 11 as a result of the high pulse energy induced SBS 

effect. The overall pulse energy scaling was 2.4 times as high as the one in Ref. 9 and 

1.8 times as that in Ref. 11.  
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Fig 3. 6 Typical oscilloscope traces for the single Q-switched pulses of the lasers 
with the saturable absorbers of (a) 2 × 30, (b) 3 × 30, and (c) 3 × 50 QWs, 

respectively. 
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Fig 3. 7 Typical oscilloscope traces for a train of output pulses of the lasers with the 

saturable absorbers of (a) 2 × 30, (b) 3 × 30, and (c) 3 × 50 QWs, respectively. 
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3.1.4 Conclusion 
In conclusions, we have, for the first time to my knowledge, demonstrated a 

millijoule-level passively Q-switched Yb-doped photonic crystal fiber laser with 

AlGaInAs QWs as a saturable absorber. At a launched pump power of 16 W, the 

average output powers were 7.1 W, 7.7 W, and 8.0 W for the lasers with the saturable 

absorbers of 3 × 50, 3 × 30, and 2 × 30 QWs, respectively. The pulse energies were 

found to be 1.1 mJ, 0.49 mJ, and 0.35 mJ for the lasers with the saturable absorbers of 3 

× 50, 3 × 30, and 2 × 30 QWs, respectively. The maximum peak power could be up to 

110 kW. The overall pulse-to-pulse amplitude fluctuation and the temporal jitter could 

be maintained to be well below 10% in rms. These high-pulse-energy high-peak-power 

passively Q-switched PCF lasers are potentially useful light sources for many technical 

applications. 
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3.2 A widely tunable eye-safe based on a passively 
Q-switched PCF laser 

 

3.2.1 Introduction 
High-peak-power tunable laser sources have been in demand for the applications 

in the eye-safe wavelength regime near 1.55-μm such as free-space communication, gas 

sensing, spectroscopy, and medical treatment [34-37]. In recent years, double- cladding 

rare-earth doped fiber lasers are of great interest due to their good beam confinement, 

excellent heat dissipation, spatial beam quality, and high efficiency [38-47]. Because of 

the broad bandwidth resulted from the amorphous nature of the glass host, directly 

utilizing erbium doped fiber (EDF) lasers or erbium-ytterbium- codoped double-clad 

fiber lasers (EYDFL) possess the potential of wavelength tunability [48-52]. However, 

traditionally a wavelength-selective element such as grating or etalon is desired in the 

cavity and thus increases the complexity of laser cavity [53-56]. An alternative method 

for flexibility in tuning wavelength is an optical parametric oscillator (OPO) pumped by 

a laser source with shorter wavelength [57-61]. Based on the phase matching condition, 

the signal output wavelength could be controlled by adjusting the temperature of 

nonlinear crystal, pump incident direction, or pump wavelength. 

For pulsed OPO operation, the passively Q-switch gives the advantage of 

simplification and compactness in experimental setup. In addition to the mostly used  

transition metal-doped crystals, semiconductor material with a periodic quantum-well 

(QW) structure has been demonstrated as a saturable absorber in the EYDFL to achieve 

a 105-μJ passively Q-switched 1.54-μm laser [62] and in the ytterbium doped photonic 

crystal fiber (PCF) laser to achieve an 1.1-mJ passively Q-switched 1.03-μm laser [63]. 

In 2010, the performance of eye-safe laser with a passively Q-switched PCF laser in an 

intracavity OPO was firstly reported [64]. In the published work, the fundamental 

wavelength is fixed at the maximum gain peak and a temperature-insensitive x-cut 

KTiOPO (KTP) was used in the OPO, this makes it inflexible to realize a broadly 

tunable laser. Periodically poled lithium niobate (PPLN) is a powerful quasi-phase- 

matching (QPM) nonlinear crystal in OPOs for generating near-infrared (NIR) to 

midinfrared (MIR) radiation because of its advantages of high nonlinear coefficient (~ 

15 pm/V) and broad transmission spectrum (up to 4.5 μm) [61,65-67]. In addition, the 

high refractive-index-temperature coefficient makes a signal wavelength shift up to 0.5 

nm/℃ at a pump source of 1030 nm for a grating period of 28-30 μm. Therefore, it is 
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well worthy of investigation to utilize the QPM nonlinear crystal in an OPO pumped by 

a passively Q-switched ytterbium-doped PCF laser to generate broadly tunable eye-safe 

wavelength radiation. 

Here we report, for the first time to my knowledge, on a widely tunable eye-safe 

laser based on a PCF. An optical parametric oscillator was pumped by a passively 

Q-switched PCF laser with AlGaInAs QWs as a saturable absorber. First, the 1029-nm 

PCF laser with pulse energy of 750 μJ at a pulse repetition rate of 6.5 kHz was 

established under a pump power of 13.1Wat 976 nm. The PCF laser was used to pump 

an OPO to generate eye-safe signal wave. By tuning the temperature of PPLN in the 

OPO cavity from 20 to 140℃, the tuning range of signal wavelength was over 80 nm 

from 1513 to 1593 nm. A maximum peak power of 19 kW and pulse energy of 138 μJ 

was obtained under the pump energy of 390 μJ. 

 
 
 

 
 

Fig 3. 8 Schematic sketch of the external-cavity optical parametric oscillator 
pumped by the passively Q-switched photonic crystal fiber laser. 

 
 
 

3.2.2 Diode pumped PCF laser with AlGaInAs 
semiconductor absorber 

The schematic of external-cavity OPO pumped by a passively Q-switched PCF 

laser is depicted as Fig. 3.8. The experimental setup could be separated into two major 

parts, one is a diode pumped passively Q-switched PCF laser and the other one is a 
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singly resonating OPO. The PCF laser cavity consists of a 55-cm polarization 

maintaining (PM) Yb-doped PCF and an external feedback cavity with a saturable 

absorber. The external cavity incorporates with a focusing lens of 50-mm focal length 

to focus the fiber output into the saturable absorber and a high reflective mirror behind 

the saturable absorber for feedback. The rod-type PCF has a large mode field diameter 

of 55 μm to push the nonlinear threshold up to higher level than conventional single 

mode fiber. And a low numerical aperture value of 0.02 permits to sustain the operation 

in single transverse mode and excellent beam quality. The pump cladding of the PCF 

has a diameter of 200 μm and an air-cladding to maintain a high numerical aperture of 

0.6. The image of the cross section of the PCF is depicted as Fig. 3.9. The small ratio 

between the inner pump cladding and 70-μm core diameters brings about the pump 

absorption coefficient to be 30 dB/m at 976 nm. The PCF was surrounded with a 

1.7-mm thick outer cladding and was sealed with end-caps for protection. The boron 

doped stress-applying parts were adopted to induce birefringence that produces diverse 

spectral losses to form a linearly polarization state for the fundamental mode. The 

saturable absorber is a structure of AlGaInAs QW/barrier grown on a Fe-doped InP 

substrate by metalorganic chemical-vapor deposition, as depicted in Fig. 3.10. The 

structure consists of 50 groups of AlGaInAs QW/barrier. Each group contains three 

8-nmthick QWs and 10-nm-thick barriers. In order to increase the damage threshold, 

each group of quantum wells is designed to be located at the nodes of the pumping 

mode, or to have intervals of half-wavelength separated by barriers. A window layer of 

InP was deposited on the gain structure to prevent surface recombination and oxidation. 

Both surfaces of the saturable absorber were coated to have anti-reflection coating at 

1030 nm (R<0.2%). The initial transmission of the saturable absorber was measured to 

be 19%. The mode diameter on the saturable absorber was estimated to be 

approximately 400 μm. The pump source was a 20-W 976-nm fiber-coupled laser diode 

with a core diameter of 200 μm and a numerical aperture of 0.2. Focusing lens with 

25-mm focal length and 90% coupling efficiency was used to re-image the pump beam 

into the fiber through the dichroic mirror with high transmission (HT, T>90%) at 976 

nm and high reflectivity (HR, R>99.8%) within 1030 - 1100 nm. The pump spot radius 

was approximately 100 μm, and the pump coupling efficiency was estimated to be 

around 80%. The pulse temporal behavior was recorded by Leroy digital oscilloscope 

(Wavepro 7100, 10 G samples/sec, 4 GHz bandwidth) with a fast InGaAs photodiode. 
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The output power, pulse energy and output spectrum are shown in Fig. 3.11. The 

maximum output power was obtained to be 4.9 W under the 13.1 W of pump power and 

it turns out conversion efficiency over 37%. The central peak of wavelength is 

dependent on the pump power and distributes from 1031 to 1029 nm with increasing 

the pump power. The inset of Fig. 3.11 shows the output spectrum of PCF laser with 

the 13.1 W of pump power. The full width at half maximum FWHM of bandwidth is 

around 0.5 nm and theM2 factor was measured to be less than 1.3 over the complete 

output power range, owing to the low-NA feature of the fiber. The laser output was 

measured to be linearly polarized with an extinction ratio of approximately 100:1. Fig. 

3.12(a) and Fig. 3.12(b) show the traces of output pulses under a lower and higher 

pump power level, 6.3 and 13.1 W, respectively. A self-modulation phenomenon inside 

the Q-switched envelope was obviously observed in pulsed fiber lasers for high pump 

power. This phenomenon is generally considered to arise from the stimulated Brillouin 

scattering (SBS) which can provide strong feedback to the cavity together with pulse 

compression [68-71]. The SBSrelated pulses have been demonstrated in different fiber 

laser designs, such as self-Q switched [35-37], actively Qswitched [71,72], and 

passively Q-switched [73,74] fiber lasers. Although the strong SBS effect might 

deteriorate the pulse stability to some extent, the pulse-to-pulse amplitude fluctuation 

could still be maintained to be less than 8.0% in rms at the maximum pump power of 

13.1 W. The output repetition rate ranges from 1.5 to 6.5 kHz and is related to pump 

power. The pulses with maximum peak power of 170 kW and pulse energy up to 750 

μJ were obtained. 

 

 

 

Fig 3. 9 Image of cross section of rod-type PCF. 
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Fig 3. 10 Transmission spectrum and structure of AlGaInAs saturable absorber. 
 

 

 

 

Fig 3. 11 Output power of the passively Q-switched PCF laser versus the 976-nm 
launched pump power. Inset is the lasing spectrum obtained with 12.5 W of pump 

power. 
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Fig 3. 12 Typical oscilloscope traces of output pulses of the passively Q-switched 
PCF laser. (a) pulse shape with 6.3 W of pump power and (b) pulse shape with 13.1 W 

of pump power 
 
 
 

3.2.3 Tunable eye-safe laser with an external-cavity OPO 
The 750-μJ passively Q-switched PCF laser at a repetition rate of 6.5 kHz was 

used as a pump source in the external-cavity OPO, as depicted in Fig. 3.13. The 

nonlinear crystal in is a 0.76-mm thick and 2-cm long congruent PPLN with a poling 

period of 29.6-μm. The singly-resonant OPO cavity consists of two BK7 plane mirrors, 

the front mirror and output coupler. The front mirror is coated with high transmission at 

pump wavelength (T>90%) and high reflectivity from 1500 to 1600 nm (R>99%). The 

output coupler is coated with high transmission at pump wavelength (T>90%) and 

partial reflectivity from 20 to 90% corresponding to the wavelength from 1510 to 1590 

nm. A focusing lens with 75-mm focal length was used to focus the pump source into 

the PPLN crystal. The pump spot size inside PPLN was measured to be around 300 μm. 

Between the PCF laser and external-cavity OPO, a half-wave plate and a polarization 

cube were bundled together to control the pump incident power. The maximum average 

pump incident power was limited to 2.6 W, or the pulse energy limited to 390 μJ for the 

consideration of photorefractive effect and damage threshold of PPLN. The PPLN was 

temperature controlled from 20 to 140℃ by an oven to adjust the phase matching 

wavelength.  

The performance of output power of external-cavity OPO pumped by passively 

Q-switched PCF laser is shown in Fig. 3.14. The temperature of PPLN was controlled 

at 100℃. Under the pump power of 2.6 W, the output average power of 0.9 W at signal 
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wave was obtained and corresponds to pulse energy of 138 μJ. The conversion is about 

35% and the slope efficiency is up to 37.5%. From the temporal pulse traces of pump 

and signal wave shown in Fig. 6b, the signal pulse shape possesses several spikes which 

were resulted from SBS effect in pump source as mentioned above. Such an effect can 

be reduced for lower operating power of PCF laser as depicted in Fig. 3.12(a). The 

maximum output peak power of signal wave was estimated to be 19 kW with an 

effective pulse width of 7.3 ns. 

The temperature of PPLN was tuned from 20 to 140℃ in an interval of 20℃. 

The output wavelength of signal wave shifts from 1513 to 1593 nm and total 80-nm 

tuning range was obtained. Fig. 3.15 shows the wavelength of output signal in different 

operating temperature. The experimental data with empty circles is in good agreement 

with theoretical data calculated from Selmier’s equations [75,76]. Higher temperature 

and larger wavelength is possible. However, the reflectivity of output coupler used is 

not uniform within the tuning range of wavelength. Besides, with increasing the 

temper- ature higher than 140℃ , the idler phase-matching wavelength gradually 

approaches 2.8 μm, which locates at the peak absorption of lithium niobate [77]. As a 

result, higher loss will be induced in the cavity for operating temperature higher than 

140℃. On the other hand, for lower operating temperature, the photorefractive effect of 

congruent PPLN will get stronger and limit the output performance. Therefore, there is 

an optimum efficiency for a specific temperature, as depicted in the inset of Fig. 3.15. 

In this experiment, the conversion efficiency varies from 11 to 35% and the optimum 

temperature is found to be around 100℃. At the optimum point, the phase-matching 

signal wavelength is 1559 nm with a corresponding output reflectivity of 65%.  

 

 

Fig 3. 13 Schematic sketch of the OPO setup. A half-wave plate and polarization 
beam splitter cube were settled in front of OPO to control the input pump power. 
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Fig 3. 14 Output performance of external-cavity OPO. (a) averaged output power of 
signal wave versus averaged power of PCF laser and (b) temporal traces of pump and 

signal wave. 
 

 

Fig 3. 15 Tuning curve of signal wavelength versus different operating temperature. 
Inset is the corresponding conversion efficiency with temperature. 
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3.2.4 Conclusion 
We achieved a widely tunable passively Q-switched photonic crystal fiber laser 

by means of an external-cavity optical parametric oscillator. With an AlGaInAs QW/ 

barrier structure as a saturable absorber in the 1029-nm PCF laser, the fundamental 

pulse with energy up to 750 μJ was obtained and was incident into the OPO cavity. 

Under the pump energy of 390 μJ, the maximum output energy and peak power of 

signal wave was found to be 138 μJ and 19 kW, respectively. By tuning the temperature 

of nonlinear nonlinear crystal, PPLN, over 80-nm tuning range of the signal output 

wavelength from 1513 to 1593 nm was obtained. 
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3.3 Passively Q-switched photonic crystal fiber laser 
with Cr4+:YAG and its application 

 

3.3.1 Introduction 
In recent years, double-cladding rare-earth doped fiber lasers have attracted a lot 

of attention due to their good beam confinement, excellent heat dissipation, spatial 

beam quality, and high efficiency [78–84]. Q-switched lasers have many applications 

on industrial processing, measurements of positions, and medical treatments owing to 

their high peak power than in CW operation [85–87]. By enlarging the active volume of 

the gain medium, corresponding to the doped core size of the fiber, one can achieve the 

merit of the high pulse energy [88,89]. However, the conventional large core fibers 

suffer from mode-quality degradation and their long lengths usually lead to long pulse 

widths and low peak powers. 

Recently, a novel technology [90] has been developed to provide photonic crystal 

fibers (PCFs) with large single mode core and high absorption efficiency. The PCF 

laser was lately employed to perform an actively Q-switched operation in which the 

pulse energy was up to 2 mJ with a pulse width shorter than 10 ns at a repetition rate of 

10 kHz. Compared to the active Q-switching, passive Q-switching lasers are more 

compact and lower cost because they use saturable absorbers in replace of 

acoustic-optic or electro-optic modulators as the Q-switch.Crystal-based [91–94] 

saturable absorbers have been well developed to replace the dye-cells used in solid-state 

lasers. Cr4+:YAG crystals have been exploited as saturable absorbers in 

large-mode-area Yb-doped fibers [95–98], among which the maximum pulse energy 

was 350 μJ. Nevertheless, the passive Q-switching in a PCF laser has not been 

investigated so far. In this paper, we report, for the first time to our knowledge, on the 

performance of a single-polarization passively Q-switched Yb-doped PCF laser and its 

application to intracavity optical parametric oscillator (OPO). With a Cr4+:YAG crystal 

as a saturable absorber and under a pump power of 14.2 W, the PCF laser generates an 

average output power of 3.4 W at 1030 nm at the repetition rate of 5.6 kHz, 

corresponding to the pulse energy up to 630 μJ. The pulse width and the peak power are 

36 ns and 17.4 kW, respectively. Experimental results revealed that since the Yb-doped 

PCF provokes a narrow linewidth and a high polarization extinction ratio, the 

pulse-to-pulse amplitude fluctuation and the temporal jitter were well below 5% for the 

pump power greater than 8 W. The overall quality of the output pulses is noticeably 



 

 69

superior to that obtained in conventional passively Q-switched fiber lasers. With the 

passively Q-switched PCF laser to pump an intracavity OPO, the output pulse energy of 

140 μJ can be generated for the signal wave at 1515 nm at a repetition rate of 3.3 kHz. 

Owing to the efficient cavity-dumping effect, the signal pulse width is found to be as 

short as 1.0 ns; consequently, the peak power can reach 140 kW. 

 

 

3.3.2 Experiment setup 
Figure 3.16 shows the setup of the passively Q-switched PCF laser with a 

Cr4+:YAG as the saturable absorber. The cavity consists of a 55 cm polarization 

maintaining (PM) Yb-doped PCF and an external feedback cavity with a saturable 

absorber. The external cavity incorporates with a focusing lens of 50-mm focal length 

to focus the fiber output into the Cr4+:YAG crystal and a high reflective mirror behind 

the saturable absorber for feedback. The rod-type PCF has a mode field diameter of 55 

μm and a low numerical aperture of 0.02 to sustain the excellent beam quality. The 

pump cladding of the PCF has a diameter of 200 μm and an air-cladding to maintain a 

high numerical aperture of 0.6. The small ratio between the inner pump cladding and 

core diameters brings about the pump absorption coefficient to be approximately 

30dB/m at 976nm. The PCF is surrounded with a 1.7-mm thick outer cladding and is 

sealed with end-caps for protection. The boron doped stress-applying parts were 

adopted to induce birefringence that produces diverse spectral losses to form a linearly 

polarization state for the fundamental mode. The Cr4+:YAG saturable absorber has a 

thickness of 3 mm and was highly doped with a small signal transmission of 28%. Both 

sides of the saturable absorber are coated for antireflection at 1030 nm (R<0.2%) and 

the mode diameter on the saturable absorber is approximately 400 μm. The pump 

source is an 18-W 976-nm fiber-coupled laser diode with a core diameter of 100 μm 

and a numerical aperture of 0.2. Focusing lens with 25-mm focal length and 90% 

coupling efficiency is used to re-image the pump beam into the fiber through the 

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

(HR, R>99.8%) within 1030~1100 nm. The pump spot radius is approximately 50 μm, 

and the pump coupling efficiency is estimated to be around 80%. The pulse temporal 

behavior is recorded by Leroy digital oscilloscope (Wavepro 7100; 10G samples/sec; 4 

GHz bandwidth) with a fast InGaAs photodiode. 
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Fig 3. 16 Setup for the passively Q-switched PCF laser with Cr4+:YAG. 

 
 
 

3.3.3 Experimental results and discussions 
Figure 3.17(a) shows the average output power with respect to the launched pump 

power in the CW and passive Q-switching operations. The external cavity in the CW 

operation only included a re-imagining lens and a reflective mirror. At a launched pump 

power of 14.2 W, the average output power in the CW and passive Q-switching 

operations were 5.4 W and 3.4 W, respectively. The slope efficiency seemed to 

decrease slightly above 12.5 W of pump power which was due to temperature lifting 

induced wavelength shift of the pumping laser diode. The lasing spectra for both 

operations were quite similar with the peaks near 1030 nm and bandwidths to be 

approximately 0.4 nm, as shown in the inset of Fig. 3.17(a). The M2 factor was also 

measured to be less than 1.3 over the complete output power range, owing to the 

low-NA feature of the fiber. The laser output was found to be linearly polarized with an 

extinction ratio of approximately 100:1, evidencing the function of the polarization 

maintaining in PCF. The pulse repetition rate and the pulse energy versus the launched 

pump power are shown in Fig. 3.17(b). The pulse repetition rate increased 

monotonically with the pump power up to 5.6 kHz at a pump power of 14.2 W. The 

pulse energy was maintained to be nearly constant at 630 μJ for all the pump power 

range. Figures 3.18(a) and 3.18(b) show typical oscilloscope traces for a single 

Q-switched pulse and a Q-switched pulse train, respectively. The temporal shape of the 

single pulse reveals a self-mode-locking (SML) phenomenon that has been observed in 

conventional fiber lasers and the possible mechanisms for its origin have been 

discussed in Refs [96,99,100]. During the early research on mode-locking, the SML 

phenomenon was observed on different types of lasers including He-Ne [101], ruby 
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[102], Nd:glass [103], and argon ion [104] laser systems. Based on the statistical 

analysis, it has been shown that the mode-locked behavior will always be observed in a 

multimode laser except when a systematic phase fluctuation over 2π is introduced 

[105,106]. Although a systematic phase fluctuation is usually caused by dispersion 

effects, theoretical studies on the SML mechanism have confirmed that the combination 

tones of the third order nonlinear polarization terms can help in compensating the 

dispersion-induced phase shift [107-109]. Consequently, the SML typically occurs in a 

multimode laser without employing an extra nonlinearity except the gain medium. 

Recently, fairly stable SML pulses have been observed in the experiments of Nd-doped 

double clad fiber lasers [109] and Nd-doped vanadate crystal lasers [110]. On the other 

hand, Laroche et al [96] found that the SML phenomenon can be eliminated by setting 

the Cr4+:YAG crystal exactly at the focal point of the lens. However, we did not attempt 

to eliminate the SML phenomenon because this phenomenon did not deteriorate the 

pulse stability in the present PCF laser. Moreover, putting the Cr4+:YAG crystal at the 

focal position may cause damage due to the high pulse energy and peak power. 

Experimental results revealed that both the pulse-to-pulse amplitude fluctuation and the 

temporal jitter were well below 5% for the pump power greater than 8 W because of the 

narrow linewidth and the high polarization extinction ratio of the PCF. More 

importantly, the pulse width of the Q-switched pulse envelope was as short as 36 ns. In 

short, the overall quality of the output pulses is significantly superior to that obtained in 

conventional passively Q-switched fiber lasers [111]. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
  

Fig 3. 17 (a) Average output power with respect to launched pump power in CW and 
passive Q-switching operations, the inset: typical lasing spectrum. (b) Pulse repetition 

rate and pulse energy versus launched pump power. 
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Fig 3. 18 Typical oscilloscope traces for (a) single Q-switched pulse and (b) 
Q-switched pulse train. 

 
 

 

Fig 3. 19 Setup for the intracavity OPO pumped by the passively Q-switched PCF 
laser. 

 
 

3.3.4 The application for OPO 
To construct an intracavity OPO, the output coupler in the passively Q-switched 

PCF laser was replaced with a high-reflection mirror at 1030 nm and inserting a singly 

resonant OPO cavity behind the Cr4+:YAG crystal. Figure 3.19 shows the experimental 

setup for the intracavity OPO pumped by the passively Q-switched PCF laser. The OPO 

cavity is composed of a dichroic front mirror (HT at 1030 nm and HR at 1515 nm), a 

KTP nonlinear crystal, and an output coupler with partial transmission (PR) of R = 38% 

(a) 20ns
div

200 s
div

(b) 
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at 1515 nm and high reflectivity at 1030 nm. The nonlinear crystal KTP was x-cut with 

the dimension of 4 × 4 × 20 mm3 and both sides of the KTP crystal were coated for 

antireflection at 1030 nm and 1515 nm (R<0.5%). The KTP crystal was mounted on a 

water-cooled copper heat sink with an indium thermal contact. The length of the OPO 

cavity was approximately 3 cm. The Cr4+:YAG crystal was placed very close (~1.0 mm) 

to the front mirror of the OPO cavity to control the mode diameter on the Cr4+:YAG 

crystal in the range of 400 μm. 

The average output power of the signal wave at 1515 nm with respect to the 

launched pump power is shown in Fig. 3.20(a). Under a pump power of 14.2 W, the 

average output power of the signal wave was found to be approximately 470 mW. No 

idler signal was detected because of the high absorption of the idler radiation in the 

KTP crystal and the BK7 substrate of the output coupler, so the OPO is resonant on the 

signal frequency only. Note that no saturation of average output power was seen at the 

highest pump power, which implied that larger OPO signal output power can be 

expected with higher pump power. The OPO pulse repetition rate and the pulse energy 

versus the launched pump power are shown in Fig. 3.20(b). The pulse repetition rate 

increased monotonically with the pump power up to 3.3 kHz at a pump power of 14.2 

W. The pulse energy was nearly 140 μJ for all the pump power range. The signal output 

pulse energy obtained with a Q-switched PCF laser was 3-6 times higher than the 

results obtained with solid-state Nd-doped crystal lasers at the same level of 

diodepumped power [112–114]. In other words, the Yb-doped gain medium has a 

superior energystoring ability than conventional Nd-doped laser crystals, such as 

Nd:YAG and Nd:YVO4. 

Figure 3.21 shows general oscilloscope traces for the fundamental and OPO signal 

output pulses. The top half of Fig. 3.21 depicts the temporal trace of the fundamental 

wavelength and the bottom half shows the pulse profile of the OPO signal wavelength. 

The pulse width of the OPO signal can be seen to be as short as 1.0 ns due to the 

efficient cavity-dumping effect. As a result, the maximum peak power of the signal 

wave can be up to 140 kW. The optical to optical conversion efficiency of OPO output 

power to laser diode launched pump power was about 3.3%, and the pulse energy 

conversion efficiency of OPO wavelength to 1030 nm wavelength was about 22.3%. 

The large pre- and post- pedestals in Fig. 3.21 arise from the SML effect. Note that the 

pulse shapes at 1030 nm were quite different for the cavity with and without the 

intracavity OPO. The number of the mode-locked pulses at 1030 nm shown in Fig. 3.21 
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was considerably less than that obtained with pure passive Q-switching shown in Fig. 

3.18(a) because the effective output coupling in the intracavity OPO was a nonlinear 

cavity-dumping process. Since water absorption in eye tissue and the intraocular fluid 

prevents light in the spectral range of 1.4-1.8 μm from reaching the retina, there is a 

considerable interest in laser sources with wavelengths in this eye-safe regime 

[115-117]. A number of efficient eye-safe intracavity OPOs pumped by passively 

[112-114] Q-switched Nd-doped crystal lasers have been demonstrated to produce 

pulse energies of tens of μJ with pulse peak powers of 1-50 kW. Here the PCF laser 

was recently employed to realize an intracavity OPO with pulse energies greater than 

100 μJ with peak powers greater than 100 kW. Although the conversion efficiency for 

the average power is inferior to that obtained with Nd-doped crystal lasers, this 

situation might be improved with a shorter cavity to match the OPO cavity. However, 

the challenge is to manufacture a shorter PCF with sufficient absorption efficiency. 

 
 

  
Fig 3. 20 (a) Average output power at 1515 nm with respect to launched pump power. 

(b) OPO pulse repetition rate and pulse energy versus launched pump power. 
 
 

 
Fig 3. 21 General oscilloscope traces for the fundamental (top) and OPO signal 

(bottom) output pulses. 
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3.3.5 Conclusion 
In conclusion, we have, for the first time to my knowledge, demonstrated a 

high-pulse-energy passively Q-switched Yb-doped PCF laser by utilizing Cr4+:YAG 

crystal as saturable absorber. Stable pulses with an average output power of 3.4 W and 

a repetition rate of 5.6 kHz were obtained at a launched pump power of 14.2 W. The 

maximum pulse energy reached 630 μJ which was superior to the results obtained in 

conventional Yb-doped fiber lasers. Furthermore, the passively Q-switched PCF laser 

has been employed to pump an intracavity OPO to generate a pulse energy of 140 μJ at 

a pulse repetition rate of 3.3 kHz with a 14.2 W diode pump power. Owing to the 

efficient cavity-dumping effect, the pulse duration of the signal wave was 

approximately 1.0 ns, leading to a peak power up to 140 kW. This high-peak-power 

intracavity OPO could be a potential light source for many technical applications. 
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4.1 Passively Q-switched double-cladding fiber 
amplifier 
 

4.1.1 Introduction 
High-peak-power, linearly-polarized lasers with pulse repetition rates up to several 

tens of kilohertz have a wide variety of applications in range finding, nonlinear 

wavelength conversion, and material processing [1-3]. The thermally induced distortion 

is the main hindrance for power scale-up in solid-state crystal lasers [4]. The 

master-oscillator fiber amplifier (MOFA or fiber MOPA) that collects the advantages of 

good beam quality, high efficiency, compactness, and superior heat dissipations has 

been identified as a promising light source [5-9]. To achieve the high-peak-power 

pulses with single-stage amplification, diode-pumped actively Q-switched (AQS) [10, 

11] or passively Q-switched (PQS) [12-14] Nd-doped lasers are often used as the seed 

lasers of the Yb-doped MOFAs. 

Compared to the active Q-switching, the PQS laser with a saturable absorber 

offers the advantages of compactness, robustness, and low cost. Since Cr4+:YAG 

crystals possess the advantages of high absorption cross section near the infrared region, 

high damage threshold, and low temperature-sensitive properties [15-21], they have 

been proved to be reliable saturable absorbers for Nd3+-doped lasers. Nevertheless, the 

Cr4+:YAG crystal is usually not convenient for the Nd-doped vanadate crystal lasers 

due to the mismatch between the stimulated emission cross section of the gain medium 

and the absorption cross section of the absorber. Several methods, including the 

three-element resonator with the intra-cavity focusing [15, 20,22] or the employment of 

a c-cut crystal as the gain medium [23-25], have been proposed to overcome this 

mismatch. The three-element resonators, however, not only increase the complexity of 

the cavities but also lead to relatively long pulse durations owing to the long cavity 

lengths. On the other hand, the employment of a c-cut crystal inevitably raises the 

pumping threshold and loses the characteristic of linear polarization. Therefore, it is 

highly useful for the seed laser of MOFA to develop high-peak-power PQS lasers with 

a-cut vanadate crystals in a simple compact cavity. 

In this work, we systematically consider the second threshold criterion and the 

thermal lensing effect to develop compact and high-peak-power Nd:YVO4/Cr4+:YAG 

PQS lasers with nearly hemispherical cavities. I further exploit several Cr4+:YAG 

crystals with different initial transmissions (T0) to realize the designed PQS laser. 
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Experimental results reveal that at a pump power of 5.4 W the output pulse energy 

increases from 22 to 36 μJ and the pulse repetition rate decreases from 50 to 25 kHz for 

the initial transmission of the Cr4+:YAG crystal decreasing form 70% to 40%. Injecting 

the seed laser obtained with T0 = 70% into a polarization maintained Yb-doped fiber, 

the pulse energy and peak power at a pump power of 16 W are enhanced up to 178 μJ 

and 37 kW, respectively. Excellent amplification confirms the PQS performance. 

Employing the seed laser obtained with T0 = 40%, we find that the surface damage of 

the fiber limits the maximum pulse energy and peak power to be 192 μJ and 120 kW, 

respectively. The polarization extinction ratio is approximately 100:1 for both MOFAs 

in the whole pump power. To the best of my knowledge, this is the first time to realize 

high-peak-power, single-stage, linearly-polarized MOFAs with the compact 

Nd:YVO4/Cr4+:YAG PQS lasers as seed oscillators. 

 
 
 

4.1.2 Analysis and optimization of the PQS laser  
To achieve good passive Q-switching, absorption saturation in the absorber must 

occur before gain saturation in the laser crystal [22]. From the analysis of the coupled 

rate equation, the good passively Q-switching criterion which is also called second 

threshold condition is given by: 
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where R is the reflectivity of the output coupler, σ is the stimulated emission 

cross_section of the gain medium, σgsa is the ground-state absorption cross-section of 

the saturable absorber with the initial transmission T0, L is the nonsaturable intracavity 

round-trip dissipative optical loss, A/As is the ratio of the effective area in the gain 

medium to that in the saturable absorber, γ is the inversion reduction factor with a value 

between 0 and 2 [26], and β is the ratio of the excited-state absorption cross-section to 

that of the ground-state absorption in the saturable absorber. The challenge of obtaining 

a compact and stable Nd:YVO4/Cr4+:YAG PQS laser results from which the emission 

cross-section of Nd:YVO4 crystals (~2.5 × 10-18 cm2) [15] is comparable with the 

ground-state absorption cross-section of Cr4+:YAG crystals (~(2.0 ± 0.5) × 10-18 cm2) 

[27]. It was found that unstable pulse trains with satellite pulses would occur when the 

good Q-switching criterion is not achieved [28,29]. To fulfill the good passive 
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Q-switching criterion in Nd:YVO4/Cr4+:YAG PQS lasers, the ratio A/As generally 

needs to be greater than 10 [29]. 

Even though the three-element resonator can be used to achieve the requirement of 

the ratio A/As □ 10, the long cavity usually leads to a wide pulse duration. Here we 

utilize the nearly hemispherical resonator to develop compact high-peak-power 

Nd:YVO4/Cr4+:YAG PQS lasers to be seed oscillators. In terms of the g-parameters, the 

beam radii ω1 and ω2 on the rear and front mirrors are given by [30]: 
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where L is the cavity length, λ is the wavelength of laser mode, and ρ1 and ρ2 are the 

radii of curvature of the rear and front mirrors, respectively. For a simple plano- 

concave resonator, as depicted in Fig. 4.1(a), g1 = 1 - L/ρ1 and g2 = 1. Given that the 

gain medium and the saturable absorber are as close as possible to the rear mirror and 

the flat output coupler, the ratio of the effective area in the gain medium to that in the 

saturable absorber A/As can be found to be 
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Fig 4. 1 Schematic diagram of the plano-concave cavity. (b) Equivalent cavity 
diagram of the Nd:YVO4/Cr4+:YAG PQS laser. 
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Equation (4) reveals that the ratio A/As can be up to 10 under the circumstance of a 

nearly hemispherical cavity with L = 0.9ρ1. A smaller ρ1 consequently corresponds to a 

shorter cavity length that is beneficial for the generation of Q-switched pulses with 

narrower pulse duration. Nevertheless, the geometrical sizes of the gain medium, the 

saturable absorber, and the heat sinks limit the minimum cavity length. Therefore,    

ρ1 = 25 mm is chosen for further optimizing the compact high-peak-power 

Nd:YVO4/Cr4+:YAG PQS laser. 

The next design parameter is the pump size that needs to be optimized to reach the 

good mode matching for the fundamental transverse mode. Since the thermal lensing 

effect in the gain medium always affects the cavity mode size, it is practically important 

to consider the thermal lensing effect for determining the optimum pump size. For an 

end-pumped crystal laser, the thermal lens is given by [31]: 
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z0 is the focal plane of the pump beam in the laser crystal, is the pump beam quality 

factor, ωpo is the pump beam radius, n is the refractive index of along the c-axis of the 

laser crystal, λp is the wavelength of the pump laser diode, ξ is the fractional thermal 

loading, Kc is the thermal conductivity, Pin is the incident pump power, α is the 

absorption coefficient of the gain medium, l is the crystal length, dn/dT is the thermal- 

optic coefficient of n, and αT is the thermal expansion coefficient along the a-axis. 

Figure 4.1(b) depicts the configuration of a nearly hemispherical resonator for a 

Nd:YVO4/Cr4+:YAG PQS laser. Considering the thermal lens effect and taking S1 as 

the reference plane, the ray transfer matrix from S1 to S2 of the cavity configuration can 

be presented as [32]: 
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Here d1 and d2 are the optical path length between the cavity mirrors and the principal 

planes of the laser crystal, and fth is the effective focal length of the thermal lens. With 

the following parameters: ξ = 0.24, Kc = 5.23 W/K m, d1 = 2 mm, d2 = 0.9ρ1－d1, ρ2 = 

∞, n = 2.165, l = 12 mm, dn/dT = 3.0 × 10-6 K-1, = 80, α = 0.6 mm-1, αT = 4.43 × 10-6 

K-1, and λp = 808 nm, the effective focal length of the thermal lens effect and 

g*-parameters of the resonator can be calculated as functions of the incident pump 

power. In terms of the g*-parameters for the thermal lensing effect, the beam radii ω1 

and ω2 on the rear and front mirrors can be expressed as [32]: 
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Figure 4.2 shows the mode_to_pump size ratio ω1/ωpa of different pumping spot radii as 

a function of the pump power with the radius of curvature of the rear mirror of 25 mm, 

where the averaged pump size along the gain medium is given by [33]: 

 
0 0

l lz z
pa pw z e dz e dz      .                                   (12) 

According to the optimal mode matching condition [33], the ratio of ω1/ωpa should be in 

the range of 0.8 to 1.2 for Pin < 10 W. In our design, the maximum pump power is 

approximately 5.5 W. As can be seen from the Fig. 2, the optimum pump radius is in 

the region of 100 μm. 

With ωpo = 100 μm and ρ1 = 25 mm, we consider the thermal lensing effect to 

calculate the effective mode area ratio of A/As as a function of the pump power. Figure 

4.3 shows the calculated result for the dependence of the effective mode area ratio of 

A/As on the pump power. It can be seen that the effective mode area ratio of A/As is 

generally greater than 10 for the pump power less than 5.5 W. To be brief, I choose a 

nearly hemispherical cavity with the radius of curvature of the rear mirror of 25 mm 

and the pumping spot radius of 100 μm to simultaneously satisfy the optimal mode 

matching condition and the good Q-switching criterion. 
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Fig 4. 2 Dependence of the mode-to-pump size ratio ω1/ωpa on the pump power for 
different pumping spot radii. 

 
 
 
 

 

Fig 4. 3 Effective mode area ratio of A/As as a function of the pump power in the 
Nd:YVO4/Cr4+:YAG PQS laser with L = 0.9ρ1, ρ1 = 25 mm, ωp = 100 μm. 
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4.1.3 Experimental results for the PQS laser 
We followed the theoretical analysis to construct a nearly hemispherical cavity for 

realizing the compact high-peak-power Nd:YVO4/Cr4+:YAG PQS laser, as shown in 

Fig. 4.4 for the experimental setup. The rear mirror was a concave mirror with a 

radius-of-curvature of 25 mm with high-transmission coating at 808 nm (T ~ 95%) and 

high-reflection at 1064 nm (R > 99.8%). The output coupler was a flat mirror with 

partially reflection at 1064 nm (R = 60%). The pumping source was a 7-W 808-nm 

fiber-coupled laser diode with a core diameter of 200 μm and a numerical aperture of 

0.22. The focusing lens with 25 mm focal length and 80% coupling efficiency was used 

to re-image the pump beam into the laser crystal. The gain medium was an a-cut 

12-mm-long Nd:YVO4 crystal with 0.3 at % Nd3+ concentration. Several Cr4+:YAG 

absorbers with T0 of 70, 60, 50%, and 40% were used to investigate the performance. 

The Cr4+:YAG crystals were all 2 mm in thickness. Both sides of the Nd:YVO4 and the 

Cr:YAG crystals were coated for antireflection at 1064 nm. All the laser crystal were 

wrapped within indium foils and mounted in the water cooled heat sinks that keep at  

19°C. The Nd:YVO4 crystal and Cr4+:YAG crystals were placed as close as possible to 

the rear mirror and the output coupler respectively. The effective cavity length was set 

to be 22.5 mm based on the design rule of L = 0.9ρ1. The pulse temporal behavior was 

recorded by Leroy digital oscilloscope (Wavepro 7100; 10G samples/s; 4 GHz 

bandwidth) with a fast InGaAs photodiode. 

 

 

 

Fig 4. 4 Schematic diagram of a diode-pumped Nd:YVO4 laser PQS with a 
Cr4+:YAG as a saturable absorber. HR:high reflection. HT:high transmission. 
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Figure 4.5(a) shows the output pulse energies and pulse repetition rates for 

Cr4+:YAG saturable absorbers with different initial transmissions T0 at the pump power 

of 5.4 W. It can be seen that for the initial transmission T0 decreasing form 70 to 40% 

the output pulse energy increases from 22 to 36 μJ; at the same time, the pulse 

repetition rate decreases from 50 to 25 kHz. Figure 4.5(b) depicts the pulse widths and 

peak powers for saturable absorbers with different initial transmissions T0 at the pump 

power of 5.4 W. For the initial transmission T0 decreasing form 70 to 40% the pulse 

width can be seen to decrease from 4.8 ns to 1.6 ns; consequently, the peak power was 

enhanced from 4.5 to 22.5 kW. Figures 4.6(a) and 4.6(b) show typical oscilloscope 

traces for a single pulse at the maximum output powers of the seeds with T0 = 70 and 

40%, respectively. Experimental results reveal that the characteristics of the output 

pulse in the present PQS laser display a simple pulse train without the satellite pulses 

phenomenon. It is worth mentioning that the satellite pulses phenomena such as two 

pulses oscillate simultaneously or one giant pulse followed by a weak pulse are often 

observed when the laser cavity does not properly comply with the second threshold 

criterion in Eq. (1). The spectral spectrum was measured by an optical spectrum 

analyzer with 0.1-nm resolution (Advantest Q8381A). The spectral linewidths for all 

the present PQS lasers were nearly the same to be 0.5 nm. In the next section, we will 

employ these high-peak-power PQS lasers to realize a single stage, linear-polarized 

fiber amplifier.  

 
 
 

 

Fig 4. 5 (a) Dependence of the pulse repetition rate and the pulse energy on the 
initial transmission of Cr4+:YAG at the pump power of 5.4 W. (b) Dependence of the 
pulse width and the peak power on the initial transmission of Cr4+:YAG at the pump 

power of 5.4 W. 
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Fig 4. 6 Oscilloscope traces of a single pulse of (a) PQS laser with Cr4+:YAG of    
T0 = 0%, (b) PQS laser with Cr4+:YAG of T0 = 40%. 

 
 
 

4.1.4 Experimental results for the mopa system 
The experimental architecture for the MOFA system is shown in Fig. 4.7(a). The 

gain fiber was a 3-m-long Yb-doped Panda-style PM double clad fiber (Nufern) with a 

core diameter of 30 μm (N.A. = 0.06) and an inner clad diameter of 250 μm (N.A. = 

0.46) with pump absorption of 6.6 dB/m at 975 nm. The Panda-style stress applying 

parts around the core generate a birefringence of 1.5 × 10-4. A microscope image of the 

fiber cross-section is depicted in Fig. 4.7(b). Both ends of the fiber were polished at an 

angle of 8° to eliminate the end facet reflection. The pump source was a 20-W 976-nm 

fiber-coupled laser diode with a core diameter of 200 μm and a numerical aperture of 

0.2. A focusing lens with 25-mm focal length was used to re-image the pump beam into 

the fiber through a dichroic mirror with high transmission (HT, T > 90%) at 976 nm 

and high reflectivity (HR, R > 99.8%) within 1030-1100 nm. The pump spot radius was 

approximately 100 μm, and the pump coupling efficiency was estimated to be nearly 

80%. The seed laser was coupled through a focusing lens into the core of the fiber. A 

half-wave plate was used to control the polarization direction of the seed laser to match 

the fast-axis of the PM fiber. 
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Fig 4. 7 (a) Scheme of the MOFA setup. HT: high transmission HR: high reflection. 
(b) Cross section of the PM Yb-doped fiber. 

 

 

Figure 4.8(a) shows the average output power of the MOPA injected by the seed 

laser with T0 = 70% as a function of launched pump power at a repetition rate of 50 

kHz. Under the launched pump power of 16 W, the output power of the amplifier was 

8.9 W, corresponding to the pulse energy of 178 μJ. The slope efficiency was 

approximately 54%. Figure 4.8(b) shows the typical oscilloscope trace for a single 

pulse at the maximum output power of amplifier. The pulse duration was 4.8 ns and the 

corresponding peak power was 37 kW. The oscilloscope trace of a train of output 

pulses of the amplifier is shown in Fig. 8c. The pulse-to-pulse amplitude fluctuation 

was generally less than 1.5% in root mean square (rms). 

Figure 4.9(a) shows the average output power of the MOPA injected by the seed 

laser with T0 = 40% as a function of launched pump power at a repetition rate of 25 

kHz. It was found that the end facet damage of the fiber limited the maximum average 

output power to be approximately 4.8 W under the pump power of 10 W. As a result, 
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the maximum pulse energy was restricted to 192 μJ. Figure 4.10 depicts the microscope  

image of the damaged end view and the side view of the fiber. Figure 4.9(b) shows the 

typical oscilloscope trace for a single pulse at the maximum output powers of amplifier. 

The pulse duration was 1.6 ns and the corresponding peak power was 120 kW. The 

calculated optical intensity on the end facet of the fiber was 27.2 J/cm2 which agrees 

with the surface damage threshold of fused silica at 1064 nm [34]. The oscilloscope 

trace of a train of output pulses of the amplifier is shown in Fig. 4.9(c). The 

pulse-to-pulse amplitude fluctuation was generally less than 4.0% in rms. 

 

 

 
 

 

Fig 4. 8 (a) Average output power and peak power of MOFA with the seed of 
repetition rate of 50 kHz as a function of the launched pump power. (b) Oscilloscope 

traces of a single pulse of the output pulse of the amplifier. (c) Oscilloscope traces of a 
train of amplified pulses. 
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The timing jitters for both the amplifiers shown in Figs. 4.8 and 4.9 were generally 

less than 2% in rms. The M2 factors were found to be smaller than 1.3 over the entire 

output power range. Furthermore, the polarization extinction ratios for both the 

amplifiers were measured to be about 100:1. Figures 11a and 11b show the optical 

spectra of the MOFAs at the maximum output powers injected by the seed lasers with 

T0 = 70 and T0 = 40%, respectively. It can be seen that the peak levels of the amplified 

spontaneous emission (ASE) around 1040 nm shown in Figs. 4.11(a) and 4.11(b) were 

approximately 30 and 40 dB below the signal peak intensity, respectively. The power 

levels of the whole ASE intensities at the maximum output powers shown in Figs. 4.8(a) 

and 4.9(a) were measured to be less than 2% and 0.5%, respectively. 

 
 

 
 

 
Fig 4. 9 (a) Average output power and peak power of MOFA with the seed of 

repetition rate of 25 kHz as a function of the launched pump power. (b) Oscilloscope 
traces of a single pulse of the output pulse of the amplifier. (c) Oscilloscope traces of a 

train of amplified pulses. 
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Fig 4. 10 End view and side view of the damaged fiber. 

 
 
 

 
Fig 4. 11 Optical spectra of the MOFAs at the maximum output powers injected by 

the seed lasers with T0 = (a) 70 and (b) 40%. 
 
 
 

4.1.5 Conclusion 
In conclusion, we have developed compact Nd:YVO4/Cr4+:YAG PQS lasers as 

seed oscillators for high-peak-power, single-stage, linear-polarized MOFAs. Compact 

and high-peak-power Nd:YVO4/Cr4+:YAG PQS lasers were theoretically optimized by 

considering the second threshold criterion and the thermal lensing effect in a nearly 

hemi-spherical cavity. Several Cr4+:YAG crystals with different initial transmissions 

(T0) have been used to confirm the performance of the designed PQS laser. It was 

experimentally found that at a pump power of 5.4 W the output pulse energy increases 

from 22 to 36 μJ and the pulse repetition rate decreases from 50 to 25 kHz for the initial 

transmission of the Cr4+:YAG crystal decreasing form 70 to 40%. Injecting the seed 

laser obtained with T0 = 70% into a polarization maintained Yb-doped fiber, the pulse 

energy and peak power at a pump power of 16 W were found to be 178 μJ and 37 kW, 
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respectively. Employing the seed laser obtained with T0 = 40%, it was found that the 

surface damage of the fiber limited the maximum pulse energy and peak power to be 

192 μJ and 120 kW, respectively. The polarization extinction ratio was approximately 

100:1 for both MOPAs in the whole pump power. It is believed that the high 

peak-power and high polarization-extinction-ratio suggest further applications such as 

industrial material processing and nonlinear optics researches. 
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4.2 Passively Q-switched photonic crystal fiber 
amplifier and its applications 

 

4.2.1 Introduction 
High efficiency and short pulse duration pulsed light sources of ultraviolet (UV) 

radiation are attractive for a variety of applications in industry, scientific, and medical 

needs such as micro-precision processing, laser lithography, and optical data storage 

[35,36]. Shorter pulse duration is advantageous for laser processing that has lower 

material removal thresholds. In company with low material removal thresholds, laser 

machining with shorter pulses at low fluences also leads to cleaner and narrower scribes 

and reduced the potential damage to the electrical performance of the device [37,38]. 

Linearly polarized, good beam quality, and high peak power lasers with nanosecond- 

duration and multi-kilohertz repetition rate pulses are promising candidates for optical 

nonlinear wavelength conversions. Fiber lasers and amplifiers in the near-infrared (NIR) 

region, owing to the splendid heat dissipation and the wave-guiding property, have been 

extensively proved to be favorable light sources for the generation of UV radiation 

[39-43]. Fiber laser in actively Q-switched scheme [40] was employed for third 

harmonic generation (THG) and the wavelength conversion efficiency (from IR to THG) 

of 25% was attained. However, the pulse duration was relatively long (11 ns) due to the 

lengthy fiber oscillator configuration. The THG pumped by single-stage fiber 

amplifiers that seeded with passively Q-switched (PQS) Nd:YAG lasers were used to 

demonstrate UV radiation with shorter pulse width (approximately 1 ns). Nevertheless, 

the conversion efficiency was relatively lower with 12% [41] and 18% [42], 

respectively. With the higher conversion efficiency of 26%, the two-stage fiber 

amplifier [43] was used to produce 1 ns pulse with the average power of 1.5 W. 

However, the multi-stage architecture led to a complicated and power consuming 

system. Therefore, it is with much practical significance to design a compact, efficient 

THG with short pulse duration pumped by a single-stage fiber amplifier. 

Large-mode-area (LMA) fibers were used to attain high peak powers and alleviate 

detrimental nonlinear effects such as stimulated Brillouin scattering (SBS), stimulated 

Raman scattering (SRS), and self-phase modulation which not only degrade the 

monochromaticity but also cause optical damages. Nevertheless, conventional LMA 

fibers suffer from mode-quality degradation with the increasing core size diameter. 

Recently, photonic crystal fiber (PCF) lasers and amplifiers [44-46] are proved to be 
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reliable light sources with high peak power and good beam quality thanks to the 

ultra-large mode area core, the high absorption efficiency, and the air holes assisted 

wave-guiding property. Consequently, a PCF amplifier is much advantageous for 

nonlinear wavelength conversions rather than the conventional LMA fiber amplifier. 

However, up to now, the extracavity THG pumped by a single-stage PCF amplifier has 

not been reported. 

In this work, we use a single-stage rod-like PCF amplifier to demonstrate compact 

harmonic generations with high efficiency and short pulse width. We obtain pulses with 

average power of 3.3 W at the pulse repetition rate (PRR) of 14.9 kHz and pulse width 

of 2.2 ns in the IR wavelength by seeding an efficient PQS Nd:YVO4/Cr4+:YAG laser 

into a LMA rod-like PCF amplifier. In addition, we utilize the extracavity nonlinear 

wavelength conversion architecture to attain the second harmonic generation (SHG) 

wave at 532 nm and the THG wave at 355 nm. Average powers for SHG and THG 

were 1.7 W and 1.1 W at the IR input power of 3.3 W which correspond to the 

conversion efficiency of 52% and 33%, respectively. The pulse width for the UV 

radiation was 2.1 ns with the pulse amplitude fluctuation of 7.4% in standard deviation. 

 

 

4.2.2 Single-stage rod-like fiber amplifier 
The scheme of the extracavity THG pumped by a single-stage rod-like PCF 

amplifier is depicted in Fig. 4.12 The experimental setup could be separated into two 

major parts, one is a PQS Nd:YVO4/Cr4+:YAG laser seeded PCF amplifier and the 

other one is a single-pass harmonic generation. We have demonstrated that the 

Nd:YVO4/Cr4+:YAG PQS laser was a compact and efficient laser source with high peak 

power and can be applied to THG generation [47] and seed laser [48]. The nearly 

hemispherical cavity based Nd:YVO4/Cr4+:YAG PQS laser was used to simultaneously 

satisfy the optimal mode matching condition and the good Q-switching criterion. The 

seed laser is a home-made, nearly hemispherical cavity Nd:YVO4/Cr4+:YAG PQS laser 

that emitted pulses with pulse energy of 38 μJ and pulse width of 2.2 ns at the PRR of 

14.9 kHz. The seed laser was coupled through a focusing lens into the core of the fiber. 

A half-wave plate was used to control the polarization direction of the seed laser to 

match the fast-axis of the polarization maintaining (PM) fiber. The 36-cm in length, PM 

Yb-doped rod-type PCF has a signal core diameter of 70 μm and a low numerical 
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aperture (N.A.) of 0.02 to sustain the excellent beam quality. The pump cladding of the 

PCF has a diameter of 200 μm and an air-cladding to maintain a high N.A. of 0.6. The 

PCF was surrounded with a 1.7-mm thick outer cladding and was sealed with end-caps 

for protection. The boron doped stress-applying parts near the core were adopted to 

induce birefringence that produces diverse spectral losses to form a linearly polarization 

state for the fundamental mode. The pump source was a 15-W 976-nm fiber-coupled 

laser diode with a core diameter of 200 μm and a numerical aperture of 0.2. Focusing 

lens with 25-mm focal length was used to re-image the pump beam into the fiber 

through the dichroic mirror with high transmission (HT, T>90%) at 976 nm and high 

reflectivity (HR, R>99.8%) within 1030~1100 nm. The pump spot radius was 

approximately 100 μm, and the pump coupling efficiency was estimated to be around 

80%. The laser spectrum was measured by an optical spectrum analyzer with 0.1 nm 

resolution (Advantest Q8381A). The pulse temporal behavior was recorded by Leroy 

digital oscilloscope (Wavepro 7100; 10G samples/sec; 1 GHz bandwidth) with a fast 

InGaAs photodiode. 

The average output power and pulse energy versus the launched pump power of 

the fiber amplifier were shown in Fig. 4.13. Under a launched pump power of 10.5 W, 

3.3 W of output power was acquired which corresponds to the pulse energy of 221 μJ. 

The inset of Fig. 4.13 shows the output spectrum of the PCF amplifier with the output 

power of 3.3 W. The signal peak wavelength was at 1064.6 nm and its full width at half 

maximum (FWHM) is around 0.6 nm. The M2 factor was measured to be less than 1.3 

over the complete output power range owing to the low-N.A. feature of the fiber. The 

output of the amplifier was linear polarized and the polarization extinction ratio was 

measured to be higher than 100:1 for all the pump power range that evidences the 

function of the PM structure in the fiber. 

The oscilloscope trace of a train of output pulses of the amplifier is shown in Fig. 

4.14(a). The pulse-to-pulse amplitude fluctuation was generally less than 8% in root 

mean square (rms). Figure 4.14(b) shows the typical oscilloscope trace for a single 

pulse at the maximum output power of the amplifier. The pulse duration was 2.2 ns and 

the corresponding peak power was 100 kW. 
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Fig 4. 12 Schematic sketch of the extracavity harmonic generations pumped by a 
single-stage rod-like photonic crystal fiber amplifier. HR: high reflection; HT: high 

transmission. 
 
 
 
 

 

 

 

 

 

 

 

 

 
 
 

Fig 4. 13 Relevance of the average output power and the pulse energy with the 
launched pump power of the PCF amplifier. Inset: the output lasing spectrum of the 

PCF amplifier obtained with 10.5 W of pump power. 
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Fig 4. 14 Oscilloscope traces of a train of amplified pulses. (b) Oscilloscope trace 
of a single pulse of the output pulse of the amplifier. 

 

 

 

4.2.3 Second and third harmonic generation 
The scheme of the extracavity harmonic generations was depicted in Fig. 4.15. 

The IR source from the amplifier was focused by a lens with a focal length of 75 mm 

which was with anti-reflection (AR) coating at 1064 nm. The SHG was demonstrated 

by delivering the focused IR beam into a 3x3x15 mm3-in-dimension, type I 

phase-matched lithium triborate (LBO) crystal which was cut at θ=90o and =10.4o 

and operated at 46.6 oC. Both end facets of the LBO crystal were coated with AR 

coating at 1064 nm and 532 nm. The residual IR laser and the generated 532 nm beam 

were then focused by a lens which had the focal length of 19 mm and was coated with 

AR coating at 1064 nm and 532 nm. The type II, 3x3x10 mm3-in-dimension LBO 
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crystal cut atθ=44o and =90o was used for sum-frequency-mixing operated at 48 oC. 

The entrance together with the exit end facets of the LBO crystal were coated with AR 

coating at 1064 nm and 532 nm. The temperature of the SHG and THG nonlinear 

crystals were temperature-controlled by thermoelectric coolers with the precision of 

0.1oC. 

Figure 4.16 shows the average power obtained with the SHG (532nm) and the 

THG (355nm), respectively. Under a pump power of 3.3 W of the IR wavelength, an 

average output power of SHG was 1.7 W corresponding to the pulse energy of 114 μJ 

and the wavelength conversion efficiency (from IR to SHG) of 52%. The average 

output power of the THG increased monotonically with pump power of the IR 

wavelength. At a launched pump power of 3.3 W, the sum-frequency-mixing was found 

to generate an output power of 1.1 W and pulse energy of 74 μJ, corresponding to a 

slope efficiency of 39% and wavelength conversion efficiency of 33% (from IR to 

THG). The spatial intensity distribution of the far field of 355 nm output was shown in 

the inset of Fig. 4.16 

Oscilloscope traces of a train of output pulses of the SHG (top) and the THG 

(bottom) is shown in Fig. 4.17(a). The pulse-to-pulse amplitude fluctuations for SHG 

and THG were approximately less than 6% and 8% in rms, respectively. Figure 4.17(b) 

depicts the oscilloscope trace for a single pulse at the maximum output power of THG. 

The pulse duration was measured to be about 2.1 ns which correspond to the peak 

power of 35 kW. 

In order to obtain compact, efficient, and shorter pulse duration of the UV light 

source, single-stage fiber amplifiers were the preferable light sources for extracavity 

THG rather than fiber lasers. Besides, for higher wavelength conversion efficiency, the 

selection of the extracavity THG nonlinear crystal is also of great importance. The 

choice of the THG crystal is the compromise between finding a high nonlinear 

coefficient and a wide acceptance angle combined with a small walk-off angle [49]. 

The extracavity THGs by using a type I phase-matched LBO as the THG crystal were 

demonstrated with single-stage fiber amplifiers [41, 42]. The relatively large walk-off 

angle of the type I phase-matched LBO for THG (18.3 mrad to type I and 9.3 mrad to 

type II) [50] will deteriorate the beam overlap between the IR and the green beams that 

is seriously detrimental to conversion efficiency. Besides, in ref. 41, polarization 

instability caused by using a non-PM fiber as the amplifier also led to the lower 

wavelength conversion efficiency of only 12%. Furthermore, two type I phase-matched 
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LBO were utilized for SHG and THG with a PM fiber amplifier as the fundamental 

light source [42]. The conversion efficiency was limited to be 18% because the 

polarization state between the residual IR beam and the green light in the THG crystal 

was not re-optimized. Here I realize the efficient extracavity UV light generation by 

employing the type II LBO as the THG crystal owing to its smaller walk-off angle and 

relatively large acceptance angle [50] (5.0 mrad cm for type II and 1.7 mrad cm for type 

I). Combining the efficient THG module and the single-stage PM PCF amplifier, we 

obtained, to the best of our knowledge, the highest wavelength conversion efficiency of 

33% and the short pulse duration of approximately 2 ns in the same time. 

 

 

 

Fig 4. 15 Schematic sketch of the setup of the SHG and THG. AR: anti-reflection. 
 

 

 

Fig 4. 16 Dependences of the average output power at 532 nm and 355 nm on the 
incident pump power at 1064 nm. Inset: the spatial intensity distribution of far field of 

the THG output. 
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Fig 4. 17 (a) Oscilloscope traces of a train of output pulses of 532 nm (top) and 355 
nm (bottom). (b) Oscilloscope trace of a single pulse of the output pulse of the THG. 

 
 

4.2.4 Conclusions 
In conclusion, we have used a Nd:YVO4/Cr4+:YAG PQS laser to seed a 

single-stage rod-like PCF amplifier to acquire a single polarization, high beam quality, 

and efficient IR pulsed light source with the pulse energy of 221 μJ and pulse width of 

2.2 ns at the PRR of 14.9 kHz. We further utilize the developed PCF amplifier to 

demonstrate the extracavity SHG and THG. Under an incident pump power of 3.3 W at 

the IR wavelength, the average output powers of the SHG and the THG were measured 

to be up to 1.7 W and 1.1 W which amount to the wavelength conversion efficiencies of 

52% and 33%, respectively. This is the highest conversion efficiency in the generation 

of UV light by means of the fiber amplifier pumped THG. It is believed that the high 

efficiency UV light source suggest further applications such as industrial material 

processing and scientific researches. 
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Summary and Future works 
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5.1 Summary 
 

5.1.1 Passively Q-switched double-cladding fiber lasers 
In this section we demonstrate efficient, high repetition rate, and high peak power 

double-cladding fiber lasers passively Q-switched by AlGaInAs QWs and Cr4+:YAG 

crystal as the saturable absorbers respectively. The performances of these fiber lasers 

are showed in table.   

 

SA AlGaInAs Cr4+:YAG 

Pluse energy (mJ) 0.45 0.35 

Pulse width (ns) 60 70 

Peak power (kW) 7.5 5 

Repetition rate (kHz) 30 38 

Table 5. 1   Performances of the passively Q-switched fiber laser 
 
 
 

5.1.2 Passively Q-switched photonic crystal fiber lasers 
In this section we demonstrate efficient, high repetition rate, and high peak power 

fiber lasers passively Q-switched with AlGaInAs QWs and Cr4+:YAG crystal as the 

saturable absorbers respectively by using the photonic crystal fiber with lare core 

diameter of 70 μm. The pulse energy was scaled up and the pulse width was also 

reduced due to the large core which means high gain and then short fiber length. The 

performances of these PCF lasers are showed in table 5.2.   

In addition to Cr4+:YAG crystal, three types of AlGaInAs, 3 x 50 QWs, 3 x30 

QWs, and2 x30 QWs, are also used as the sarurable absorbers. Compared with the 

conventional DCF lasers mentioned above in the same condition, the higher pulse 

energy and the shorter pulse width make the peak power 14.7 and 3.5 times higher with 

3x50 AlGaInAs QWs and Cr4+:YAG crystal respectively. 

Based on the PQS PCF laser, we also demonstrate the intracavity optical 

parametric oscillator (IOPO) and the extracavity optical parametric oscillator (EOPO) 

by using the Cr4+:YAG crystal and the AlGaInAs QWs as the saturable absorbers 

respectively. Owing to the high refractive-index-temperature coefficient of the PPLN 

used in the EOPO scheme, the wavelength can be tuned over a broad range. Table 5.3 

are the performances of IOPO and EOPO. 
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SA 3x50 AlGaInAs 3x30 AlGaInAs 2x30 AlGaInAs Cr4+:YAG 

Pluse energy (mJ) 1.1 0.49 0.35 0.63 

Pulse width (ns) 10 38 47.3 36 

Peak power (kW) 110 12.8 7.4 17.5 

Repetition rate (kHz) 6.5 16 23 5.6 

Table 5. 2  Performances of the passively Q-switched PCF laser 
 
 

Type IOPO with KTP EOPO with PPLN 

Wavelength (nm) 1515 1513~1593 

Pulse energy (mJ) 0.14 0.14 

Pulse width (ns) 1 7.3 

Peak power (kW) 140 19 

Repetition rate (kHz) 3.3 6.5 

Conversion efficiency (%) 22.3 35 

Table 5. 3  Performances of the OPO 
 
 
 

5.1.3 Passively Q-switched fiber laser based on a 
MOFA configuration 

In this section we demonstrate efficient, high repetition rate, and high peak power 

fiber lasers based on the master oscillator fiber amplifier. By this configuration, it is 

very easy to get the short pulse width which is useful in some applications, because the 

low-power seed laser is easily modulated. The performances of MOFA-based fiber 

lasers seeded by Nd:YVO4/Cr4+:YAG PQS lasers are showed in table 5.4. The PCF 

amplifier is also used for the harmonic generations. The results reveal it is efficient and 

simple to use the single stage PCF amplifier as the fundamental wavelength light 

source. 

 

Type DCF (1) DCF (2) PCF 

Pluse energy (mJ) 0.178 0.192 0.221 

Pulse width (ns) 4.8 1.6 2.2 

Peak power (kW) 37.1 120 100 

Repetition rate (kHz) 50 25 14.9 

Table 5. 4  The performances of MOFA-based fiber lasers seeded by 
Nd:YVO4/Cr4+:YAG PQS lasers 
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5.2 Future work 

To achieve high-peak-power fiber laser, using the MOFA configuration with more 

pumping power, shortening the pulse width of seed laser, and operating at high gain 

wavelength regime are necessary. In the Yb-doped fiber, as shown in figure 1.6, the 

net gain in the regime of 1030 nm is higher than the others, so lasing at 1030 nm 

regime can attain the highest energy conversion efficiency in the same condition. 

Comparing with Nd:YVO4 crystals, Yb:YAG crystals have longer fluorescence 

lifetime, lower quantum defects, broader absorption bandwidth, and shorter cavity 

length for good passive Q-switching with Cr4+:YAG[1,2]. Besides, Yb:YAG crystals 

can have lasing wavelength of 1030 nm, so they are more suitable for the seed lasers. 

By seeding this light source into the PCF with more pumping power, it can be 

expected that power scales up significantly. 
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