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ABSTRACT 

 

In this dissertation, an all-fiber-based single frequency nanosecond pulsed laser 

system at ~ 1918.4 nm in master-oscillator-power-amplifier (MOPA) configuration is 

present. The nanosecond pulse seed is achieved by directly modulating a continuous 

wave (CW) single frequency fiber laser using a fast electro-optical modulator (EOM) 

driven by an arbitrary waveform generator (AWG). One piece of single mode, large core, 

polarization-maintaining (PM) highly thulium-doped (Tm-doped) germanate glass fiber 

(LC-TGF) is used to boost the pulse power and pulse energy of these modulated pulses in 

the final power amplifier. This laser system can work in both high power and high energy 

regime: in high power regime, to the best of our knowledge, the highest average power 

16 W and peak power 78.1 kW are achieved for single frequency transform-limited ~2.0 

ns pulses at 500 kHz and 100 kHz repetition rate, respectively: In high energy regime, 

nearly 1 mJ and half mJ pulse energy is obtained for ~15 ns pulses at 1 kHz repetition 

rate and 5 kHz repetition rate, respectively. 

Theoretical modeling of the large-core highly Tm-doped germanate glass double-

cladding fiber amplifier (LC-TG-DC-FA) is also present for 2 μm nanosecond pulse 

amplification. A good agreement between the theoretical and experimental results is 

achieved. The model can simulate the evolution of pump power, signal energy, pulse 

shape and the amplified stimulated emission (ASE) in the amplifier. It can also be 

utilized to investigate the dependence of the stored energy in the LC-TGF on the pump 
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power, seed energy and repetition rate, which can be used to design and optimize the LC-

TG-DC-FA to achieve higher pulse energy and average power.  

Two channel of high energy nanosecond pulses (at 1918.4 nm and 1938 nm) are 

utilized to generate THz wave in a quasi-phase-matched (QPM) gallium arsenide (GaAs)  

based on difference frequency generation. THz wave with ~ 5.4 μW average power and 

~18 mW peak power has been achieved. Besides, one model is built to simulate a singly 

resonated THz parametric oscillator. The threshold, the dependence of output THz energy 

on pump energy has been investigated through this model. One pump enhanced THz 

parametric oscillator has been proposed. The enhancement factor of the nanosecond 

pulses in a bow-tie ring cavity has been calculated for different pulse duration, cavity 

length and the transmission of the coupler. And the laser resonances in the ring cavity 

have been observed by using a piezo to periodically adjust the cavity length. 

We also build an all-fiber thulium-doped wavelength tunable mode-locked laser 

operating near 2 m. Reliable self-starting mode locking over a large tuning range (> 50 

nm) using fiber taper based carbon nanotube (FTCNT) saturable absorber (SA) is 

observed. Spectral tuning is achieved by stretching another fiber taper. To the best of our 

knowledge, this is the first demonstration of an all-fiber wavelength tunable mode-locked 

laser near 2 μm. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 History and rapid growth of fiber lasers 

The laser is often grouped with the transistor and the computer as landmark 

inventions of the mid-20th century [1]. The birth of the laser trigged the explosion of 

activities in optics, opened several entirely new scientific fields including nonlinear 

optics, fiber optics, and opto-electronics and regained revolutionary vigor of this "ancient 

science". The development of the laser physics and devices has been affecting almost 

every aspect of our lives and has been pushing forward the progress of other scientific 

fields, such as medical research, information technology, biological science, etc.. 

In 1917, Albert Einstein described the theory of "stimulated emission" in which, 

the matter may lose energy by emitting an exactly same photon when it encounters a 

photon. This is the initial idea for the laser operation. However, it was not until 1960 that 

the first laser was demonstrated in a flash lamb pumped ruby crystal by Theodore H. 

Maiman at Hughes Research Laboratories in Malibu, California [2]. After the birth of this 

first laser, a large variety of lasers were built using different materials including helium-

neon (HeNe) [3], neodymium crystal [4], semi-conductor [5], Nd:YAG [6], CO2 [7], 

Argon Ion [8], dye [9], quantum well [10], titanium sapphire [11], etc. The earliest form 

of fiber laser was also developed by E. Snitzer and his colleagues in 1964 [12]. In this 

introduction, we will limit our review to the history and rapid growth of the fiber lasers. 
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A fiber laser is an oscillator using an optical fiber as active medium in the cavity. 

The core of the fiber is doped with rare-earth elements such as erbium (Er), ytterbium 

(Yb), neodymium (Nd), dysprosium (Dy), praseodymium (Pr), thulium (Tm), holmium 

(Ho), and different synthesizers of these elements. Compared with other lasers, fiber laser 

has a lot of attractive advantages, including outstanding heat-dissipating capability, good 

beam quality, compactness, robust operation and free of alignment, etc. Fiber lasers have 

been investigated and developed for more than fifty years. Laser researchers have always 

been working on building and developing better and cheaper fiber lasers: new operating 

wavelength, narrower linewidth (single frequency), shorter pulse duration, higher 

power/energy, etc. The following sections review several of these research efforts in fiber 

lasers.  

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Typical fiber geometry (from Internet) 
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1.1.1 Fiber laser operating at different wavelength band  

Fig.1.1 shows the structure of a typical fiber, which consists of a core and a 

cladding whose refractive index is slightly lower than that of the core so that the light can 

be guided in the core by total internal reflection. For fiber lasers, the active medium is a 

piece of fiber whose core is doped with rare earth elements. The operating wavelength 

band depends on both the doped rare earth elements and the host materials. To date, the 

spectrum range of the fiber lasers can cover from ultra-violet to mid-infrared. Fig.2 

demonstrates some laser wavelength for different rare earth elements doped in certain 

host materials. Emissions ranging from ultra-violet to visible wavelengths were achieved 

using Nd-, Tm-, Ho-, Er- or Pr-doped fluorozirconate glass fibers through up-conversion 

effect[13-19]. Nd- or Yb-doped silica fiber could provide emission around 1 μm [20, 21]. 

Yb-doped silica fiber is a promising platform for high power applications due to the high 

optical to optical conversion efficiency. Er-doped silica fiber lasers and amplifiers are 

operating around 1.55 μm [22, 23], which is located in the communication window. The 

Er-doped fiber amplifiers have been promoting the development of the optical 

communications. 2 μm emission can be achieved by thulium or holmium-doped silica or 

germanate fibers [24, 25]. These fiber lasers will be extensively discussed in this 

dissertation. Er-doped ZBLAN fiber can provide emission around 2.7 μm [26, 27]. 
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Fig. 1.2 fiber laser operating at different wavelength 

 

1.1.2 Single frequency fiber laser  

A single-frequency laser is a laser with a single longitudinal mode operation and 

thus can emit quasi-monochromatic radiation with a very narrow linewidth and low phase 

noise. Such kind of lasers have been intensively investigated due to their diverse 

applications in interferometric sensing [28, 29], coherent Light Detection and Ranging 

(LIDAR) [30], laser spectroscopy [31] and laser nonlinear frequency conversions [32]. A 

lot of single frequency fiber lasers have been reported using different design. Distributed-

feedback (DFB) fiber laser has a fiber Bragg grating (FBG) with a phase change in the 

middle, which is directly written into a rare-earch-doped fiber. This kind of DFB fiber 
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lasers can provide single frequency operation and have been already demonstrated in the 

1-μm region for Yb3+ lasers [33], in the 1.55-μm region for the Er3+ lasers [34] and also 

in the 2-μm region for the Tm3+ lasers [35]. The linewidths of the order of a few kilohertz 

was demonstrated for DFB fiber laser [36]. Another typical design of single frequency 

fiber lasers is based on a short laser cavity (a short highly doped active fiber) in 

combination with narrowband FBG. This kind of fiber laser can provide robust single-

frequency operation and have already been commercialized [37-39]. There are also some 

other methods to get narrow linewidth laser performance. For example, Kieu etl. reported 

a narrow linewidth fiber laser using a microsphere resonator as reflecting "mirror" [40]. 

The linewidth of this laser is below ~100 kHz [40]. Some applications, such as nonlinear 

frequency conversion, benefit from pulsed single-frequency lasers, which are able to 

provide high peak powers. Often single-frequency laser pulses are achieved by Q-

switching a continuous wave (CW) single-frequency laser oscillator [41, 42]. The other 

way to get single-frequency laser pulse is to use an electro-optic or acousto-optic (EOM 

or AOM) to directly modulate a CW single-frequency laser oscillator. And the pulse 

parameters (duration, repetition rate, pulse shape, etc.) can be free adjusted [43, 44] in 

this case. This dissertation will discuss in detail a pulsed single frequency laser and its 

power & energy scaling. 

1.1.3 Ultrafast fiber laser  

After the first demonstration of ultrafast pulse generation in optical fiber in 1990 

[45, 46], fiber based ultrafast pulse sources have been intensively investigated. A myriad 

of mode-locking mechanisms have been developed and the ultrafast pulse generation 
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have been demonstrated in different active medium and thus in different wavelength 

bands. Here we review some important mode-locking mechanisms and some reported 

ultrafast fiber oscillator. 

Kerr-type mode-locking techniques are utilized to mode-locking the fiber laser, 

where Kerr-type saturable absorbers are a nonlinear interferometer inside the fiber cavity 

[47, 48]. This method is the so-called nonlinear polarization evolution (NPE), which rely 

on nonlinear interference between two polarization modes. Ref. 47 is the first all-fiber 

mode-locked lasers using nonlinear interferometer in a figure-eight-cavity configuration.  

A semiconductor saturable absorber mirror (SESAM) is a mirror structure with an 

incorporated saturable absorber. Typically, a SESAM consists a semiconductor Bragg 

mirror and a single quantum well absorber layer [49]. It has been extensively used for the 

generation of ultrashort pulses [49]. Fiber laser can also be mode-locked by the 

implementation of SESAM [50-52]. Compared with the system based on NPE, the 

achievable pulse duration from fiber lasers mode-locked with SESAM are typically a few 

times longer due to the slower response time of the SESAM [52]. 

Single wall carbon nanotubes (SWNTs) and graphene are ideal saturable 

absorbers due to their low saturation intensity and low cost. They have facilitated easy 

fabrication of mode-locked fiber lasers [53, 54]. These materials can be directly deposited 

on the cross-section of the fiber [55] or be designed to interact with the fiber mode via 

evanacent coupling [56]. Compared with SESAM, they have shorter recovery time [57-

59], which can be utilized to phase-lock cavity modes to get shorter pulse. Ref. [60] 

reviewed the ultrafast fiber lasers mode-locked by carbon nanotubes and graphene. 
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Soliton fiber lasers are simple and reliable short-pulse sources constructed at 

anomalous dispersion wavelength region [47, 56]. In the cavity, the nonlinear and 

anomalous dispersive phase shifts are balanced to form the pulses. A saturable absorber is 

used to promote the formation of a pulse from noise and to stabilize the pulse against 

perturbations as it traverses the cavity [61]. Soliton lasers are compatible with Kerr-type 

mode-locking [47], SESAM [50], SWNTs [56] as well as graphene [54]. There are also 

some other pulse forming regime including self-similar pulse evolution [62], dispersion 

managed soliton [63], all normal dispersion pulse evolution (dissipative soliton) [64, 65]. 

There are several review papers to discuss ultrafast fiber lasers [66, 67]. 

In this dissertation, a wavelength tunable 2 μm all fiber mode-locked laser will be 

discussed. It is mode-locked using a carbon nanotube based saturable absorber. 

1.1.4 High power & high energy fiber lasers 

A fiber oscillator usually can only provide limited power. But high power lasers 

are required in a myriad of applications, such as material processing, nonlinear frequency 

conversion, etc. Therefore, power of one fiber oscillator should be scaled to certain power 

level to satisfy the requirement of applications.  

Cladding-pumped fiber technology has revolutionized fiber laser and make power 

scaling of one fiber oscillator feasible and easy. Fig. 1. 3 demonstrates the concept of this 

technology. Multimode pump lights is effectively coupled into the inner cladding and 

then is gradually absorbed by the doped core over the entire fiber length and is converted 

into the high brightness laser radiation. The power scaling of one fiber oscillator is 

typically based on master oscillator-power amplifier (MOPA) configuration as shown in 
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Fig. 1. 4. Several stage of optical amplifier are utilized to scale the power of the laser 

oscillator. 

Fig. 1. 3 The concept of cladding-pumped fiber technology. 

 

 

Fig. 1. 4 Configuration of the master oscillator-power amplifier (MOPA). 

 

Ytterbium-doped fiber is a promising medium for high power applications. It has 

broad absorption band extending from 900 to 980 nm, covering wavelengths at which 

high power pump laser diodes are at their best. It also has a broad gain bandwidth 

operating from 975 nm to 1180 nm. The low quantum defect leads to high optical to 

optical transfer efficiency, which facilitates the power scaling. The power of the Yb-
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doped silica fiber lasers reached 10 kW in the single-mode (SM) regime [68]. Fig. 1. 5 

demonstrates the progress in output power from diffraction-limited and near-diffraction-

limited fiber lasers [69]. All results are with Yb-doped fibers. 

 

Fig. 1. 5 Progress in the output power from Yb-doped fiber lasers (from ref. [69]). 

 

In addition to the high average power fiber laser sources, high energy and high 

peak power pulsed fiber laser sources are also desired for a lot of applications. The 

energy scaling is usually limited by the nonlinearities including stimulated Brillouin 

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

The strengths of these nonlinear effects scale linearly (for SPM) or exponentially (for 

SRS and SBS) in proportion to the fiber length and power, and in inverse proportion to 

the mode area. Therefore, a variety of active fibers providing large-mode-area and high 

gains per unit length have been designed and fabricated for pulse energy scaling 

applications. Here, several significant results in this area are reviewed. Rare-earth-doped 

single-mode photonic crystal fiber with a mode-field-area of ~ 1000 μm2 was developed 
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and used to amplify 10 ps pulses to a peak power of 60 kW [70]. One Yb-doped, 100 μm-

core rod-like photonic crystal fiber was used as the final amplifier in a gain-staged 

MOPA system to boost the energy and the peak power of 1-ns pulses to be > 4.3 mJ and 

~ 4.5 MW respectively [71]. A piece of 80 μm-core photonic crystal fiber was used to 

achieve millijoule level 800 fs pulses at 100 kHz repetition rate [72]. A large-pitch fiber 

with a core diameter of 135 μm was developed and allowed for single-mode operation. 

Using it in final amplifier, sub-60 ns pulses with 26 mJ pulse energy and near diffraction-

limited beam quality were obtained [73]. NP Photonics Inc. has developed a lot of large 

core highly rare-earth element doped phosphate and germanate fibers and they have been 

utilized to scale the energy of single frequency laser pulses in C band [74-76] and also in 

2 μm regime [77-79]. This dissertation will discuss the large-core highly thulium doped 

germanate fibers and their applications in energy scaling and power scaling of single 

frequency nanosecond pulses in 2 μm regime. 

1.2 Two-micron lasers 

The 2 μm spectral range is part of the so called "eye safe" wavelength region 

which begins from about 1.4 μm. Recently, a great deal of researches on 2 μm lasers have 

been conducted in solid-state laser, diode laser and fiber laser field due to its wide 

applications in medicine, remote sensing, lidar, range finder, and molecular spectroscopy. 

Here we will review the history and development of 2 μm lasers including solid-state 

laser, diode laser and especially the fiber laser. Then we will discuss the applications of 2 

μm lasers in detail. 

1.2.1 Introduction to two-micro lasers 
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Thulium and Holmium are the most well-known rare-earth elements providing 

emissions around 2 μm wavelength region. Using Tm3+ and Ho3+, laser emissions were 

achieved in many different host crystals and glass fibers. For both ions the relevant laser 

transition for the 2 μm emission ends in the upper stark levels of the ground state. 

Therefore, both lasers can be described as quasi three level lasers with a thermally 

populated ground state [80, 81]. 

Johnson et al. demonstrated the first Tm:YAG laser at 2 μm in 1965 [82]. It was a 

flash lamp pumped laser operating at 77 K. It is not until 1975 that the first pulsed laser 

operation at room temperature was built using Cr, Tm: YAG pumped by one 800 nm 

diode laser [83]. Until now thulium and holmium laser emission around 2 μm was 

demonstrated in a lot of different host materials, such as Tm: YLF [84], Tm: YAlO3 [84], 

Tm: Y2O3 [85], Tm: Sc2O3 [86], Tm: LuAG [87] and Tm: Lu2O3 [88], Ho: YAG [89, 90].  

Apart from the crystal lasers, laser researchers developed 2 μm laser diodes based 

on the GaSb. Caneau et al. built a double-heterostructure laser operating at 2.2 μm [91]. 

This laser can work at room temperature but can only deliver very low output power. In 

1992, Choi et al. developed the first quantum-well-structured GaSb-based laser diodes 

and this laser can provide output power up to 190 mW, which is a breakthrough with 

respect to the upscaling of the laser output power for 2 μm diodes [92]. In 2002, Rattunde 

et al. designed a direct gap band-edge profile of a laser structure with an emission 

wavelength around 2 μm. This laser provided a maximum output power of up to 1.7 W at 

room temperature due to its reduced differential and thermal resistance [93]. The first 

linear array with this type of diodes was developed by Shterengas et al. in 2004 and it 
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could provide 10 W output power [94]. In 2007, a multi-bar stack was built with ten 

linear arrays and could provide up to 158 W. These laser diodes are compact and can 

provide high power. However, the spatial quality of these laser output are usually very 

poor and thus limits their applications. 

1.2.2 History of two-micro thulium-doped fiber lasers 

Compared with crystal based lasers and laser diodes, fiber lasers have varieties of 

advantages, such as easy heat management, better beam quality, easy maintenance, etc. . 

Here, we will review the history and development of 2 μm thulium-doped fiber lasers. 

In 1988, Hanna et. al built the first thulium fiber laser, which was pumped with a 

dye laser at 790 nm and achieved a few tens of milliwatts of power [95]. They also 

reported the first wavelength tunable thulium-doped fiber laser with over 276 nm tuning 

range, from 1780 nm to 2056 nm [96]. This group also demonstrated the first watt-level 

Tm-doped fiber laser pumped by a readily available Nd: YAG laser at the band of 1064 

nm [97]. And the thulium fiber was single clad silica fiber with direct core pumping [97]. 

In the mid of 1990s, the first mode-locked thulium fiber lasers were reported [98, 99]. 

Sub-500 fs soliton was achieved tunable from 1798 nm to 1902 nm [98]. Ref. [99] 

reported 190 fs pulses with 20-pJ energy and the mode-locking threshold of this laser was 

only 18 mW. One 5.4 W double-cladding thulium-doped fiber laser was reported in 1998 

[100]. This laser represents the earliest incarnation of a high power thulium-doped fiber 

laser scheme that resembles the current state of technology. In 2000, Hayward et. al 

demonstrated a 14 W efficient cladding pumped highly thulium-doped silica fiber laser 

[101]. The slope efficiency of this laser was over 46%, which is greater than the quantum 
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defect. This high slope efficiency resulted from the so called energy cross relaxation, 

which is a long understood process known to exist in thulium doped crystals [102]. The 

basic idea of this effect is that two laser photons can be produced from a single pump 

photon, thus leading to twice the potential slope efficiency compared to the quantum 

effect. The strength of the cross relaxation highly depends on the thulium doping 

concentration, which was further studied by Jackson in [103, 104]. The theory behind the 

process of cross relaxation will be discussed in detail in this dissertation later. The 

demonstration of this effect in highly thulium-doped fiber and the increase in available 

diode power lead to the rapid advance in output power for Tm-doped fiber lasers from 12 

W in the year 2000 to kilo-watts levels currently achievable [105].  

In this period, large-core highly thulium doped germanate fiber were also 

fabricated and utilized to scale the pulse energy [77-79]. They will be discussed in detail 

in this dissertation. 

1.2.3 Applications of two-micro thulium-doped fiber lasers 

As mentioned above, the 2 μm wavelength range is called "eye safe" due to the 

fact that laser radiation of this wavelength is absorbed in the vitreous body of the eye and 

cannot reach the retina. Applications, including free space communications, remote 

sensing, LIDAR, standoff chemical detection, all involve propagation through the 

atmosphere. Consequently, use of lasers in such applications pose a risk for human 

exposure to laser beams. Therefore, "eye-safe" lasers are highly desired for these 

applications. Besides, in the wavelength range at 2 μm, there are absorption lines of a 
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number of atmospheric gases including H2O, CO2 and N2O. Therefore, 2 μm lasers can 

be utilized to detect and analyze these gases. 

2 μm laser is also a promising candidate for highly precise surgical applications 

for both soft and hard tissue. Because the laser at this wavelength range has high 

absorption in water combined with minimal penetration depth within human tissue. The 

superficial mid-infrared tissue ablation effects lead to submicron ablation rates which 

results in minimal damage around the exposed area. Another important thing is that 2 μm 

laser radiation can induce the coagulation effect, suppressing the bleeding during 

operations. 

2 μm laser is also a promising laser source used for processing some kinds of 

materials including biological or other organic materials with significant water content, as 

well as plastics and glasses, which are not transparent in this spectral region. 

High power 2 μm laser sources can also be utilized for nonlinear frequency 

conversion. For example, thulium doped fiber lasers is well suited for nonlinear 

frequency conversion to obtain mid-IR and THz generation [106, 107]. The longer 

wavelength gives it an advantage in efficiency over systems pumped by Yb based lasers. 

And compared with 1 μm lasers, 2 μm lasers have lower absorption in some crystals, 

such as GaAs, used for nonlinear frequency generation [107]. 

1.3 Terahertz (THz) Technology 

Terahertz (THz) wave , also known as T-rays, occupy a large portion of the 

electromagnetic spectrum (see Fig. 1. 6) between the infrared and microwave bands 

(from 0.1 to 10 THz) that is rich in science and is unexplored technology. Intensive 
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researches on THz science have been conducted since the first demonstration of coherent 

detection of THz waves by Auston and Smith in 1983 [108]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. 6 Electromagnetic spectrum (from C. D. J. Paul, 2004). 

 

1.3.1 Properties and applications of THz waves 

Compared with electromagnetic waves at other frequency region, THz waves 

have a lot of special properties leading to many potential applications.  
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One of the attractive properties of THz waves is that a myriad of non-polar, dry, 

and nonmetallic materials are transparent or translucent to terahertz radiation, just as 

many substances are relatively transparent to radio waves and x-rays. This transparency 

motivates the application of T-rays in quality control and security applications [109, 110]. 

For example, it can be used to see the weapons concealed beneath clothing or products 

contained in plastic packages. 

Another interesting properties of T-rays is that most polar molecules including 

solid and liquid phase absorb unique T-ray energies for their intermolecular vibrational 

transitions [111-113]. And polar molecules in the gas phase have their rotational 

transition energies spanning the microwave and T-ray frequencies [114-116]. So T-rays 

can be used for material characterization, classification or recognition by spectroscopy. 

THz technology and imaging also has many potential medical applications, 

because T-rays are highly sensitive to the hydration level in biological tissue. The 

significance is that T-rays are non-ionizing and thus harmless to the human tissue [117, 

118]. It is a promising replacement of X ray in medical imaging. 

1.3.2 Terahertz generation 

Radio frequency (RF) is a rate of oscillation in the range of about 3 kHz to 300 

GHz. Microwaves are radio waves with frequencies between 0.3 GHz and 300 GHz. 

Radio frequency (RF) sources can be easily generated through electronic method [119]. 

Ultraviolet waves, infrared waves and mid-IR waves can be achieved by lasers. However, 

it has proven difficult to create efficient and powerful sources of radiation in THz band. 

And there is more room to do the research to achieve efficient and powerful THz sources.  
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There are a lot of techniques to generate THz radiation including electronics 

related techniques and optical related techniques. Electronic techniques includes  free 

electron lasers [120], photoconductive switching [121] and dipolar antennas. These 

methods are usually complicated and expensive. Here we prefer to introduce optical 

methods to generate THz radiation.  

One method is to build quantum cascade lasers (QCLs) to produce THz waves 

[122]. QCLs are similar to typical diode lasers to be made by depositing semiconductor 

layers in multiple quantum well structures. The main problem of the QCLs is their 

requirement for a low operating temperature. 

There are also some nonlinear optical techniques to generate THz waves 

including optical rectification, the difference frequency generation (DFG) and the 

parametric generation. They are all based on nonlinear second order processes, which 

occur in all non-centrosymmetric materials. Optical rectification is a process in which a 

laser pulse traveling through a nonlinear crystal induces a time-dependent polarization 

change that radiates an electromagnetic wave [123]. Femto-second pulses are usually 

utilized in this method and thus the generated THz wave has very broad bandwidth 

limiting effectiveness in spectrally resolved imaging. Narrow-band THz waves can be 

achieved by mixing two high peak power nanosecond pulses in one nonlinear crystal 

through DFG. Shi et al. demonstrated a continuously tunable (0.18-5.27 THz) and 

coherent THz radiation in the wide range based on collinear phase-matched DFG in a 

GaSe crystal [124]. Apart from the DFG, THz parametric oscillator was also 

demonstrated in ref. [125]. Continuous THz waves tunable from 1.2 to 2.9 THz with 
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output power level between 0.3 and 3.9 μW were generated in this THz parametric 

oscillator.  

1.4 Outline of the dissertation 

In this dissertation, I report recent development of an all-fiber-based high power 

and high energy single frequency nanosecond pulsed laser system operating in 2 μm 

regime, and its application in THz generation.  

In chapter 2, the basics of the thulium ions doped in germanate glass and the 

theory of the cross-relaxation are reviewed. Then we report a single frequency 

nanosecond pulse seed at 2 μm and pulse pre-shaping techniques. Then the power and 

energy scaling of this pulse seed are presented. This chapter also reports a numerical 

model for the pulsed double-cladding highly thulium doped germanate fiber amplifier. 

Chapter 3 reports the THz generation using the single frequency high energy and 

high power 2 μm nanosecond pulses. Firstly, difference frequency generation (DFG) are 

used to generate THz waves by mixing two pulsed laser beam in a quasi-phase-matched 

GaAs crystal. Then we describe a model to simulate a collinear THz parametric oscillator. 

At last, one pump enhanced THz parametric oscillator are proposed. 

Chapter 4 reports an all-fiber 2 μm wavelength-tunable mode-locked laser using a 

fiber taper embedded in single wall carbon-nanotube & polymer composite as the 

absorber in the laser cavity. The wavelength tuning element is a home-made adiabatic 

fiber taper. The wavelength of this mode-locked laser can be continuously tuned over 50 

nm by stretching this fiber taper and the pulse duration is around ~1 ps. 
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In chapter 5, the summary of my dissertation and the prospect of my work are 

given. 
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CHAPTER 2 

HIGH POWER AND HIGH ENERGY ALL-FIBER-BASED SINGLE FREQUENCY 

NANOSECOND PULSED LASER SYSTEM OPERATING IN 2 μm REGIME 

 

2.1 Introduction 

Single frequency fiber lasers have been receiving intense interests due to their 

diverse applications in interferometric sensing, coherent LIDAR, spectroscopy and 

nonlinear conversion. Such kinds of fiber lasers at 1, 1.55 and 2 μm have been well 

developed and commercialized with a typical design of a very short laser cavity in 

combination with narrowband fiber Bragg gratings for robust single-frequency operation 

[37-39]. Pulsed single-frequency lasers, which are able to provide high peak powers, are 

achieved by Q-switching a continuous wave (CW) single-frequency laser oscillator [41, 

42]. An electro-optic or acousto-optic modulator (EOM or AOM) can also be utilized to 

directly modulate a CW single-frequency laser. And this allows the pulse parameters 

(duration, repetition rate, pulse shape, etc.) to be freely adjusted [43, 44]. 

Single-frequency fiber oscillators usually can only provide limited power or pulse 

energy. In the high power or high pulse energy regime, a single-frequency fiber laser 

source is typically configured as a high-gain master oscillator power amplifier (MOPA) 

seeded by a low power laser for both CW regime [126-130] or pulsed regime [74-79, 

131]. Power and energy scaling for these lasers is more challenging due to their narrow 

bandwidth, which leads to lower threshold of the Stimulated Brillouin Scattering (SBS). 
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So, usually a large-core gain fiber is used in the final power amplifier to mitigate the SBS 

[74-79]. G. D. Gooden etl. reports a 608 W CW single frequency fiber laser source at 

2040 nm, which is the highest reported average power achieved from any single-

frequency, single-mode fiber laser [129]. C. D. Brook etl. reported a single frequency 

pulse laser at 1062 nm with >1 mJ pulse energy and > 1 MW peak power [131]. However, 

these systems contain a lot of bulk components, which to some extent sacrifices the 

benefits of fiber laser sources. 

Thulium (TM)-doped fibers are a promising medium for building high power 

fiber laser sources due to the availability of commercial efficient high power 790 nm 

diode pumps and the 200% theoretical quantum efficiency because of the energy cross-

relaxation process (two Tm ions can be excited by one pump ion) [103]. And the 

transition (3F4-> 3H6) of trivalent thulium provides radiation near 2 μm, which is eye-safe 

and has wide applications including remote sensing, LIDAR, military and medical 

applications. It also provides higher conversion efficiency to be used in nonlinear 

frequency generation for mid-IR and THz sources [107, 132]. Therefore, it is significant 

to build a high power and high energy all-fiber based single frequency pulsed laser source 

in the 2 μm regime using thulium doped active fiber. Here, we report a such kind of high 

power and high energy single frequency monolithic nanosecond pulsed laser system by 

using a large core, highly Tm-doped germanate glass fiber. All fiber-based construction 

of this pulsed fiber laser system in MOPA configuration enables robust, maintenance-free 

and high performance operation. A theoretical model has also been developed to simulate 



 
  

40

the performance of the LC-TG-DC-FA. The simulated results can provide guidance to 

optimize the germanate fiber amplifier. 

2.2 Thulium-doped germanate glass and fiber 

The highest power record of fiber laser is held by Ytterbium-doped lasers at 1 μm 

region: IPG Inc. is able to provide up to ~ 50 kW Ytterbium fiber laser system [133]. 

Although Ytterbium fiber laser is still the workhorse of high power fiber laser application, 

a lot of attention starts to focus on the thulium doped fiber laser system for high power 

and high energy application. Compared with Ytterbium, thulium has a myriad attractive 

features. For example, it provides very broad emission spectrum for the 3F4- 
3H6 

transition, spanning the wavelength range from ~1700 to 2100 nm [134] located in the 

"eye safe" region. Another very important feature is that thulium doped fibers are able to 

be scaled to much larger mode areas while maintaining single-mode performance due to 

the longer operating wavelength. The larger mode areas can enable higher threshold of 

nonlinearities including SBS, Raman, self-phase-modulation etc. in the amplifier. Besides, 

when the thulium ions is pumped at ~790 nm, the cross-relaxation effect can be induced 

if the doping concentration is high enough and this effect can lead to theoretical 200% 

quantum efficiency (one pump photon excite two laser photon) [103].  

A lot of high power high efficient thulium-doped fiber laser system have been 

reported. In 1990, D. C. Hanna et al. built the first watt-level continuous-wave (CW) 

thulium-doped silica fiber laser operating at 2 μm in University of Southampton [97]. The 

thulium fiber was core-pumped by a Nd: YAG laser at 1.064 μm. 1.35 W output power 

and 37% slope efficiency were achieved [97]. In 1998, S. D. Jackson and T. A. King 
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demonstrated a 790-nm-diode-cladding-pumped thulium-doped silica fiber laser with 

over 5 W output power and ~31% slope efficiency [100]. The active fiber is a double-

clad silica fiber with a 17-μm-diameter core and a 300 μm × 110 μm rectangular inner 

cladding. The Tm3+-ion concentration in the core is ~ 1.85 wt.% [100]. In 2000, R. A. 

Hayward et al. demonstrated a cladding-pumped Tm-doped silica fiber laser providing 14 

W CW single mode output power and ~46% slope efficiency. This slope efficiency is 

higher than the quantum defect and thus firstly experimentally verify the cross-relaxation 

effect. As the development of double cladding fiber with high thulium doping 

concentration, the output power and the efficiency of the Tm-doped fiber laser have 

steadily risen. The output power of the thulium-doped fiber laser operating at 2 μm has 

been rising from tens of watts to kilowatts level [105, 129, 135-139]. In all the above 

lasers, the active fibers are thulium-doped silica fiber. In 2007, J. Wu et al. reported a 

highly thulium doped germanate fiber laser, which provided a record slope efficiency of 

68% [140]. In the next section, highly thulium doped glass and fiber will be discussed. 

Thulium, the atomic number is 69, was discovered by Per Theodor Cleve (a 

Swedish chemist), while looking for impurities in erbia in 1879. The energy level of 

thulium ion in germanate glass is demonstrated in Fig. 2. 1. The electrical transition (3F4-

3H6) of thulium ions shown in Fig. 2. 1 is a well-known transition utilized as 2 μm light 

source. Thulium ions have several absorption bands located at ~793 nm (3H6-
3H4), ~1210 

nm (3H6-
3H5) and ~ 1570 nm (resonated absorption) (see Fig. 2. 3 (b)). The absorption 

band around the 1210 nm is very broad and several thulium fiber lasers pumped at this 

absorption band were reported [97, 141]. The pump sources are Nd : YAG lasers emitting 
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at 1064 nm [97] and 1319 nm [141]. The resonant pumping at 1570 nm is also 

extensively used to build thulium doped fiber laser [138]. Single mode 1570 nm pump 

sources can be easily achieved by erbium-doped fiber lasers or amplifiers. Ref. [138] 

reported a 415 W thulium fiber laser which is resonated pumped at 1567 nm. One piece 

of double cladding single mode thulium-doped fiber was used, which was end pumped by 

an assembly of eighteen erbium-doped fiber lasers. However, Tm-doped fiber laser, 

which provided highest output power, was pumped by 793 nm commercial GaAlAs laser 

diodes [105].  

 

Fig. 2. 1 Diagram of energy level of thulium ions. 
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The most attractive pumping band for thulium is the 793 nm band due to the 

cross-relaxation energy transfer between one excited (at 3H4) and one ground state 

thulium ions (at 3H6). Cross-relaxation is a process in which an excited ion transfers part 

of its energy to a neighboring ion. Dexter and Forster first developed the theory of energy 

transfer in solid state based on ion-ion interaction produced by electric multi-polar 

interaction rather than emission and re-absorption of fluorescence [142, 143]. As Fig. 2.2 

shown, when two thulium ions are close enough, the cross-relaxation energy transfer (3H4, 

3H6-
3F4, 

3F4) will be triggered: One thulium ions at ground state (3H6) can be excited to 

the upper laser level (3F4) by absorbing the energy released from another nearby excited 

thulium ions that decays from 3H4 state to the 3F4 state during the cross-relaxation energy 

transfer process. In the cross-relaxation energy transfer between thulium ions, phonons 

are necessary to bridge the energy gap between the two transitions. In this process, two 

thulium ions at ground state are excited to the upper laser level by absorbing only one 

pumping photon at ~ 793 nm that overlaps the ground absorption band of 3H4. The cross-

relaxation energy transfer rate heavily dependent on the thulium doping concentration. 

Therefore the doping concentration is an essential character defining the efficiency of 

thulium doped fiber laser & amplifier operating at 2 μm region.  
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Fig. 2. 2 Cross-relaxation energy transfer between two nearby trivalent thulium. 

 

Fig. 2. 3 (a) demonstrates the emission spectra of thulium doped germanate glass 

(pumped at ~ 800 nm) with different doping concentration, fabricated in NP photonics 

Inc. [144]. The spectra were normalized at 1.8 μm in order to illustrate the effect of cross-

relaxation energy transfer on emission spectrum of thulium ions. When the doping 

concentration is low, the emission spectrum has strong emission spectrum near 1.5 μm 

induced by multi-phonon relaxation. As the increase of thulium ions doping 

concentration from 0.5 wt% to 4 wt%, the fluorescence intensity ratio between 1.8 μm 

band and 1.5 μm band keeps a rapid increase. Afterward the ratio does not change as 

rapidly as it does in small doping concentration range. This enhancement of ratio results 

from the enhanced cross relaxation energy transfer. Because according to the multi-polar 

interaction theory, the closer thulium ions are, the higher transfer rate they get. Therefore, 

the cross-relaxation energy transfer rate becomes so large that most thulium ions at 3H4 
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state would irradiatively decay to 3F4 state through cross-relaxation energy transfer rather 

than radiatively decay to 3H4 state by emitting 1.5 μm photons. 

 

 

Fig. 2. 3 (a) Emission spectra and (b) absorption cross-section of thulium ions in 

germanate glass (pumped at ~ 800 nm) with different doping concentration(from ref. 

144). 
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Here, we discuss several host materials: silica glass, silicate glass, fluoride glass and 

germanate glass. Silica glass is the most popular material for fabricating optical fibers. 

The strong electron bond which exists between the silicon and oxygen atoms gives silica 

glass very good mechanical strength and thermal stability. However, silica glass cannot 

accommodate many rare earth ions before clustering occurs due to the strong electron 

bond. Silicate glass is a multi-component glass and usually contains SiO2 with some other 

components, such as Na2O, Al2O3, etc. The Na2O, Al2O3, or some other components 

work as network-modifiers. These modifiers act to break the bridging oxygen of SiO2 to 

form non-bridging oxygen which can be used to co-ordinate the rare earth ions to 

improve the doping capability. Ref. [145] reported the measured Raman spectra for silica 

glass and for silicate glass with different concentration of Na2O. We could find that the 

Raman spectra of the silica glass has a strong band around 400 cm-1 and a relatively weak 

band around 1100 cm-1. Silicate glasses has strong bands at both 400 cm-1 and 1100 cm-1. 

This measured Raman spectra verifies that the phonon energy of silica and silicate glass 

can extend to 1100 cm-1. This high phonon energy makes them not ideal host materials 

for thulium ions due to the fact that fast multi-phonon relaxation can be induced to 

decrease the quantum efficiency of thulium fiber lasers. In contrast, the fluoride glass and 

germinate glass has relatively low phonon energy (500 cm-1 for fluoride glass [146], 900 

cm-1 for germanate glass [147]). And both materials have high doping capability for 

thulium ions. But fluoride glasses have weak mechanical strength, making them difficult 

to handle. Based on these discussions, germinate glass is chosen as the host material for 
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our thulium doped active fiber due to its high doping capability, low phonon energy and 

good mechanical stability.  

Using rod-in-tube technique, large core highly thulium-doped germanate fibers 

are fabricated in NP Photonics Inc.. The preforms are made by using mechanical method 

rather than by a vapor deposition process. Specifically, cladding tube is fabricated by 

ultrasonic drilling on a bulk glass made by melt-casting method. The rod is made by 

polishing a thulium-doped germanate glass. The preform is made by typical rod-in-tube 

technique (see Fig. 2. 4 (a)). Two stress rods are fabricated in the cladding near the core 

to make the fiber polarization-maintained. The refractive index of the glasses can be 

accurately controlled to make the numerical aperture (NA) to be ~ 0.054. We make two 

kinds of active fibers with the core and cladding diameter of 25/250 μm, 30/300 μm, 

respectively (see Fig. 2. 4 (b)). So the V-number can be calculated to be ~2.120, ~ 2.544 

respectively. So for 25/250 μm fiber, it is a strictly single-mode fiber. For the other fiber, 

it can also provide single-mode performance by handling the active fiber carefully.  
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Fig. 2. 4 (a) Fiber drawing facility in NP Photonics Inc. ; (b) Cross-section of 

large core highly thulium doped germanate fibers. 

 

2.3 Continuous wave (CW) single frequency seed operating at 2 μm region 

The 2 μm CW single-frequency seed laser is one of the products in NP Photonics 

Inc. The active fiber is a piece of highly Tm-doped (5% wt) germanate fiber with ~7 μm 

core. ~ 2 cm active fiber was fusion spliced between two fiber Bragg gratings (FBGs). 

One was fabricated on a non-Polarization-maintained (PM) silica fiber and has large 

reflectivity. The other one (output coupler) has lower reflectivity and was imprinted on a 

PM silica fiber, creating two different reflection peaks for the two different polarizations. 

The laser can provide linearly polarized laser radiation. 

We built a scanning Fabry-Perot (FP) monochromator to measure the spectrum of 

the single frequency laser. Fig. 2. 5 shows the home-built FP monochromator. The linear 

cavity consists a mirror with 250 mm curvature radius and a plane mirror. Both of the 

mirror have ~ 99% reflectivity for the laser wavelength. The plane mirror is placed in a 

piezo, driven by a tunable voltage source. The length of the FP cavity is ~ 5 cm. 
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Therefore, the FSR can be calculated to be ~ 3 GHz. The finesse of the FP cavity can be 

calculated to be ~ 312.8 by using the Eq. 2. 1, 

R


1

R
F



              (2. 1) 

Where F is the finesse and R is the reflectivity of the cavity mirror. So the bandwidth of 

the FP cavity can be calculated to be ~ 9.6 MHz.  

 

Fig. 2. 5 The setup of the scanning FP cavity 

 

Fig. 2. 6 demonstrates the spectra of the 2 μm CW single frequency laser seed and 

also its zoomed-in spectrum. From the spectrum, the single frequency performance of the 

CW laser seed is verified.  
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Fig. 2. 6 Spectrum of the CW single frequency laser seed 

 

 

Fig. 2. 7 Output power of the CW single frequency laser seed. 
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The laser was pumped by a ~ 1570 nm single mode laser source. The seed can 

provide up to ~ 50 mW linearly polarized laser radiation (see Fig. 2. 7). 

2.4 2 μm single frequency nanosecond pulse seed and pulse pre-shaping technique 

As mentioned in the introduction, we report a high power and high energy single 

frequency monolithic nanosecond pulsed laser system by using a large core, highly Tm-

doped germanate glass fiber based on the master oscillator power amplifier (MOPA) 

configuration. From this section, we will introduce this laser system in detail. 

Fig. 2. 8 demonstrates the diagram of our 2 μm single frequency nanosecond 

pulse seed system, which consists of an electro-optic modulator (EOM) to directly 

modulate the CW fiber laser, a Tm-doped fiber pre-amplifier to boost the power of these 

pulses, an acousto-optic modulator (AOM) (time synchronized to the EOM) to remove 

the in-band amplified stimulated emission (ASE) and increase the extinction ratio, 

another Tm-doped fiber preamplifier to further boost the power of these pulses, and a 

narrow band-pass filter (combining a PM circulator and a fiber Bragg grating) for 

removing out-of-band ASE generated by the amplifier. The gain fiber used in the two 

pre-amplifiers is 2 m of commercial PM Tm-doped fiber (from Nufern Inc.) with a ~9 μm 

core. The pump for the two pre-amplifiers are two 1570 nm single mode laser sources. 
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Fig. 2. 8 Diagram of 2 μm single frequency nanosecond pulse seed system 

 

In the fiber amplifier for ns pulses, gain depletion over the time scale of the pulse always 

distorts the pulse shape [148]. Fig. 2. 9 (a) shows this pulse distortion with an initial 

rectangular pulse after the EOM and its amplified version (after the filter shown in Fig. 2. 

8). To mitigate this, an arbitrary waveform generator (AWG) was used to drive the EOM 

to pre-shape the pulses and make its leading edge gently sloped to limit its gain or 

steepening (see Fig. 2. 9 (b)). In addition, the pulse duration and repetition rate can be 

freely adjusted in our system. The shortest pulse duration is ~ 2 ns, which is limited by 

the speed of the EOM. Fig. 2. 10 demonstrates several pulses with different pulse 

duration at the output of the nanosecond pulse system. These pulses keep good pulse 

shape and have large signal to noise ratio (>40 dB) in spectral domain, which makes them 

suitable seed sources for power and energy scaling. 
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Fig. 2. 9 (a) Initial and amplified pulses (after the filter) for 30 ns (a) rectangular pulse, (b) 

pre-shaped pulse. 
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Fig. 2. 10 output pulses of pulse generation system shown in Fig. 2. 8 with different pulse 

duration. 

 

2.5 Road-blocks for energy and power scaling of the single frequency nanosecond laser 

pulses in fiber amplifier 

As mentioned above, high energy and high power single frequency nanosecond 

laser pulses have a myriad of applications, such as nonlinear frequency conversion, 
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LIDAR, etc. Such kind of pulses are usually achieved by amplifying one single frequency 

pulsed oscillator based on the MOPA configuration. The challenge with energy and 

power scaling is to preserve the desired seed laser properties during the amplification 

process in the face of the various deleterious effect including nonlinearities, gain 

saturation and thermal beam distortions, etc. Furthermore, it is also required to avoid all-

fiber and components damage mechanisms. Several limits for power and energy scaling 

will be discussed in this section. 

2.5.1 Gain depletion over nanosecond period 

As mentioned above, gain depletion over the time scale of the pulse always 

distorts the pulse shape in the fiber amplifier for ns pulses (see Fig. 2. 9 (a)) [145]. This 

will limit the further scaling of the pulse energy or average power. 

2.5.2 Nonlinearities 

In a pulsed fiber amplifier, the pulse energy will transfer to other wavelengths by 

inelastic scattering due to either SRS or SBS when the peak power increases to certain 

level. And the linewidth of the laser may be broadened due to the nonlinear phase shift 

induced by self-phase modulation (SPM). 

For the amplification of the narrow linewidth nanosecond pulses, the SBS is the main 

limit, which has lower threshold than SRS and SPM. The SBS was first observed in 1964 

and has been studied extensively. On one hand, it is a deleterious effect in amplifier or 

optical transmission system. On the other hand, SBS can be utilized to build SBS lasers 

with ultra-narrow linewidth. SBS manifests through the generation of a Stokes wave 
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whose frequency is downshifted from that of the incident light by an amount set by the 

nonlinear medium. The spectral width of the SBS gain spectrum is very small (~ 10 MHz) 

because it is related to the damping time of acoustic waves related to the phonon lifetime 

[149].
 

The SBS threshold in the fiber is defined by Eq. 2.2, 

effB

eff

Lg

A21
Pt 

                                                (2.2) 

where, Aeff is the effective mode field, Leff is the effective length of the fiber, gB is the 

peak value of the Brillouin gain given by Eq. 2.3, 
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where γe and ρ0 are the electrostrictive constant and the density of the material forming 

the core of the fiber, The full width at half maximum (FWHM) of the gain spectrum is 

related to ΓB as ΔνB=ΓB/(2π). The phonon lifetime, TB=ΓB
-1, is typically < 10 ns, np is the 

effective refractive index of the fiber, λp is the pump wavelength, c is the speed of light. 

gB is in the range 3 to 5×10-11 m/W for silica fibers [146]. From Eq. (2.2), the threshold 

can be increased by increasing the mode-field area and decreasing the fiber length. So in 

our experiment, one large-core highly thulium doped germanate fiber was used to boost 

the pulse energy and average power. 

2.5.3 Optical damage limit 
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When the peak power or pulse energy increase to certain level, fiber will be 

damaged. Stuart et al. investigated and defined bulk damage limits for pure fused silica 

[150]. In this paper, the bulk damage threshold Pmax for pulses with a duration τ between 

50 ps and 100 ns can be estimated via the following equation, 


eff

effth

XA
AI maxP

                                      (2.4) 

where X=150 GW ns0.5/cm2=1.5 kW ns0.5/μm2, and τ is expressed in nanoseconds. This 

measurement was made at a wavelength of 1.06 μm. For pulses longer than 10 ps, the 

damage is thermal in origin, with a limiting rate determined by heat diffusion from 

conduction band electrons to the lattice.
 

2.6 Energy scaling of the 2 μm single frequency nanosecond pulses using large-core 

highly thulium-doped germanate fiber amplifier 

Fig. 2. 11 demonstrates the diagram of the whole laser system based on the 

MOPA configuration including the pulse generation system (shown in Fig. 2. 8), one 

double-cladding fiber amplifier and one final power amplifier. The setup in the lab is 

shown in Fig. 2. 12. 
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Figure 2. 11: Schematic of the pulsed MOPA-based system. AWG, arbitrary wave 

generator; FG, function generator. 

 

~ 15 ns pulses are chosen to do the energy scaling. These pulses, output from the 

pulse generation system (shown in Fig. 2. 8), are put into an all-fiber chain of two 

double-cladding amplifier stages separated by inter-stage commercial fiber based PM 

isolator (provided by AFR). The first stage utilizes 2 meter commercial Tm-doped 

double-cladding fiber (from Nufern Inc.) with a ~10/130 μm core/cladding. The pump are 

commercial fiber-pigtailed multimode diodes (from DILAS Inc.) at ~793 nm. The 

amplified pulses output from this double-cladding fiber amplifier are put into the final 

power amplifier using a piece of large core highly thulium doped germanate fiber. One 

commercial PM (6+1)×1 signal pump combiner was used to combine the 2 μm laser 

signal and the ~793 nm multimode pump. The output fiber of the combiner has 25/250 
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μm core/cladding sizes. One end of the LC-TGF was fusion spliced to the output fiber of 

the combiner based on an asymmetric fusion splicing technique. The refractive index of  

the germanate glass in this wavelength is ~1.62 and thus the reflection from the interface 

between the silica fiber and the germanate fiber can be calculated to be 0.3%. However, 

one isolator was spliced between the first-stage double-cladding fiber amplifier and the 

final germanate fiber amplifier to block any reflections. The fusion splice joint and the 

whole LC-TGF were fixed in a v-groove in a copper plate (see Fig. 2. 13) under fans for 

air cooling . A low index polymer was coated around the stripped fiber near fusion splice 

joint to confine the pump power in the inner cladding. The output end was angle-cleaved 

to reduce the feedback. The LC-TGF fiber was pumped from the input end with 

multimode diodes. 

 

Fig. 2. 12 Laser system in the lab. 

 



 
  

60

 

Fig. 2. 13 Large-core highly thulium-doped germanate fiber fixed in a copper plate. The 

inset shows the splice joint between the silica fiber and the germanate fiber. 

 

~30 cm 25/250μm core/cladding highly Tm-doped germanate fiber was used in 

the final power amplifier to scale the pulse energy. In order to achieve the high pulse 

energy for the implemented MOPA-based system in Fig. 2. 11, firstly, we fixed the pump 

power as ~8 W and measured the pulse energy and average power at different repetition 

rate (from 10 Hz to 400 kHz) as shown in Fig. 2. 14. We used an Ophir PE9F-SH 

pyroelectric energy meter to measure the energy of the pulses with repetition rate up to 

20 kHz. This pulse energy meter is insensitive to the ASE background and CW signal 

component. When the repetition rate of the pulses is higher than 20 kHz, the average 

power was measured. For pulses with such high repetition rates, the seed power is high 

enough to depress the ASE in the amplifier and thus the pulse energy can be calculated 

based on the measured average power. From Fig. 2. 14, one can see that the pulse energy 

does not change much when the repetition rate is increased from 10Hz to 500 Hz and the 

maximum pulse energy is achieved at 300Hz. After that, the pulse energy decreases 

inversely with the increase in the repetition rate. Correspondingly, the average power 

increases with the increase of the repetition rate, and then tends to become relatively 
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constant (saturation of the amplifier). When we changed the repetition rate and measured 

the pulse energies, the pulse shape was monitored at all repetition rates and the pulse 

duration kept at ~15 ns. Although the lower repetition rate can get higher energy, the 

average power of the signal is small and thus may induce large backward ASE in the final 

amplifier stage under large pump level, which is detrimental to the multimode ~793 nm 

laser diodes. So 5 kHz repetition rate pulses were chosen to scale the energy and peak 

power. 

 

Fig. 2. 14 Pulse energy and average power versus repetition rate when the pump is fixed 

at ~8 W. 
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Fig. 2. 15 shows the pulse energy and pulse peak power output from the final 

amplifier stage under different pump level for 5 kHz, ~15 ns pulses. One can see that the 

maximum pulse energy can be up to > 0.5 mJ, which is the reported highest pulse energy 

for a single frequency all fiber-based ~ 2 μm fiber laser pulses, to the best of our 

knowledge. The highest average power is measured to be ~2.5 W. The pump power 

shown in Fig. 2. 15 is the power after the combiner. And the power conversion efficiency 

for the power amplifier stage is ~14.3%, which can be improved by optimizing the seed 

pulse condition and the length of the LC-TGF in the amplifier.  

 

Fig. 2. 15 Measured pulse energy and peak power for the final power amplifier at 

different pump level when the repetition rate is fixed at 5kHz. The pump power shown 

here is the power after the combiner. 
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Fig. 2. 16. The typical pulse shape of the amplified pulses after the final amplifier. Insets: 

Initial pulse (EOM Modulated) shape; spectrum and the beam profile of the final 

amplified pulses. 

 

The typical pulse shape for the high energy pulses ( > 0.3 mJ) from the final 

output is recorded by a fast detector and oscilloscope as shown in Fig. 2. 16. One inset of 

Fig. 2. 16 also shows the initial pulse shape before any amplification (after EOM). The 

front edge of the optical pulse is tailored to mitigate the effect of dynamic gain saturation 

due to the seriously steepening of the front edge. One can see that the pulse shape, 

compared with the initial pulse shape, has been controlled very well and still keeps a 
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good pulse shape after the final power amplifier stage owing to the effectively pre-

shaping of the modulated pulses using the AWG. The pulse duration is still kept at ~15 ns. 

So the maximum peak power is calculated to be >33 kW (See Fig. 2. 15), which is 10 

times more than the value of the reported single frequency transform-limited ns pulses in 

2μm region [77]. For the amplified pulses, the spectrum was measured using a modified 

optical spectrum analyzer (OSA) as shown in one inset of Fig. 2. 16. One can see that the 

signal to noise ratio is > 40 dB from the spectrum. We also measured the M2 of the output 

pulses. The beam maintained single mode output, with an M2 of ~ 1.2. Output beam 

profile was also measured by using a Spiricon Pyrocam III (see inset in Fig. 2. 16). The 

pulses are linearly polarized and the extinction ratio was measured to be >13 dB. 

 
Fig. 2. 17 Interference pattern for high energy ~ 15 ns pulses (> 300 μJ). 
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The linewidth of the amplified single frequency pulses was measured using a 

home-made scanning FP cavity. The setup of this FP cavity is shown in Fig. 2. 6 and 

described in Sec. 2. 3. The typical interference pattern of high energy ~ 15 ns pulses (> 

300 μJ) is shown in Fig. 2. 17. The linewidth was measured to be ~ 43.9 MHz. So the 

linewidth of the ~ 15 ns pulses does not change in the process of amplification and the 

amplified pulses are transform-limited. 

 

Fig. 2. 18 Pulse energy at different repetition rate when the pump power is fixed at 6.936 

W pump and fixed at 9.95 W, respectively. 

 

We also utilized ~ 41 cm 30/300 μm core/cladding thulium-doped germanate fiber 

in the final power amplifier to scale the energy of ~ 15 ns pulses. The pulse energy at 
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different repetition rate was also investigated and shown in Fig. 2. 18. The pulse energy 

increases with the decrease of repetition rate. This time, we choose pulses at 1 kHz 

repetition rate to do the energy scaling. Because we do not care about the ASE this time 

and just want to boost the pulse energy as much as possible. Nearly ~ 1 mJ pulse energy 

was achieved as shown in Fig. 2. 19. The energy was measured by an Ophir PE9F-SH 

pyroelectric energy meter with repetition rate up to 10 kHz. 

 

Fig. 2. 19 Pulse energy at different pump level for ~ 15 ns pulses at 1 kHz repetition rate. 

 

2.7 Power scaling of the 2 μm single frequency nanosecond pulses. 

In the power scaling, we used ~ 41 cm 30/300 μm core/cladding thulium-doped 

germanate fiber in the final power amplifier. In order to get the high power and high peak 
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power at the same time, we choose to amplify the shortest generated pulse (~ 2.0 ns 

shown in Fig. 2. 10) at high repetition rate (100 kHz to 500 kHz). This high repetition 

rate enables enough power (9.2 mW @ 100 kHz, 19.3 mW @ 300 kHz, 25.7 mW @ 500 

kHz), output from the pulse generation system (shown in Fig. 2. 8), to seed the first DC-

amplifier. After the first DC-amplifier, the power was amplified to ~350 mW, ~420 mW, 

~450 mW for 100 kHz, 300 kHz, 500 kHz repetition rate, respectively and no 

nonlinearities were observed from their spectrum.  

 

Fig. 2. 20 (a) Average power of the pulse under different pump level. Inset: Pulse shape 

and spectrum when the power is ~16.01 W. 
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Fig. 2. 20 (a) shows the output power of the final large-core Tm-doped germanate 

fiber amplifier under different pump levels at three different repetition rates. The 

maximum average power of 16.01 W was achieved at 500 kHz repetition rate. This is the 

highest average power for all fiber based single frequency nanosecond pulses in the 2 μm 

regime. There is no big difference for pulses at the three repetition rates (100 kHz, 300 

kHz and 500 kHz), which means the seed has already saturate the power amplifier. The 

pump power shown in Fig. 2. 20 (a) is the power after the combiner. The power 

conversion efficiency for the power amplifier stage is ~17.1% in respect to the launched 

pump power (after the combiner). The pulse shape for the high power pulses (at ~16.01 

W) from the final output is recorded by a fast detector and one oscilloscope as shown in 

Fig. 2. 20 (a). The pulse keeps a good shape and the pulse duration is ~2.0 ns. For the 

amplified pulses, the spectrum was measured using a modified optical spectrum analyzer 

(OSA) as shown in one inset of Fig. 2. 20 (a). One can see that the signal to noise ratio 

(SNR) is > 40 dB from the spectrum. The good pulse shape and >40 dB SNR in spectrum 

domain ensure that the peak power can be calculated using average power and repetition 

rate shown in Fig. 2. 20 (b), which was calibrated by a fast pulse energy meter when the 

repetition rate was below 20 kHz. The maximum of ~73.1 kW peak power was achieved, 

which is also the reported highest peak power of all fiber single frequency laser source in 

the 2 μm regime. The scanning Fabry-Perot interferometer was utilized to measure the 

spectra of our single frequency laser pulses at high power regime. The inset in Fig. 2. 20 

(b) shows the typical Fabry-Perot scanning spectra of the ~2 ns pulses with over 10 W 

average power. The linewidth was measured to be ~ 277 MHz and thus these pulses are 
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transform limited. Fig. 2. 20 (c) demonstrates the M2 measurement and the beam profile 

measured by using a Spiricon Pyrocam III. The beam maintained single mode output, 

with an M2 of ~ 1.29 in x-axis and 1.48 in y-axis, which depends on the splice.  

 

Fig. 2. 20 (b) Peak power of the pulse under different pump level. Inset: Fabry-Perot 

scanning spectra of the ~2 ns pulses (over 10 W average power). 
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Fig. 2. 20 (C) M2 measurement and beam profile for amplified output pulses. 

 

2.8 Modeling the pulsed double-cladding thulium doped germanate fiber amplifier 

Here we present a numerical model for the pulsed large core thulium-doped 

germanate double cladding fiber amplifier (LC-TG-DC-FA). Through this model, we can 

calculate pump and signal evolution, pulse shape evolution, stored energy, ASE 

dependence on the pump power, seed power, repetition rate, etc. These results can give us 

guidance to optimize the amplifier to extract maximum pulse energy and pulse average 

power. 

2.8.1 Rate equations and Propagation equations 
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Fig. 2. 21 shows the energy level diagram of Tm3+ in germanate glass [144]. The 

4
3

6
3 HH   transition corresponds to the 793-nm pump band and the 6

3
4

3 HF  transition 

corresponds to the signal band near 2 μm. The well-known 4
3

4
3 FH   cross-relaxation 

effect [144] and the inverse cross-relaxation effect were taken into account in the 

presented model. The core of the model routines are a set of rate equations and 

propagation equations for laser signal, ASE and pump [151] as shown in the following, 
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Fig. 2. 21 Energy levels and transitions taken into account in the presented model for 

Tm3+ in germanate glass. 

 

Here, jN
 
is the population of the jth level in the energy diagram shown in Fig. 2. 

21. 31 and 01 are the lifetime of the thulium ions. 3011K  and 3011K  are cross relaxation 

rate and inverse cross relaxation rate, respectively. s  is the overlap factor of the single-

mode signal field and is assumed to be the same for all signal ASEs. p  is the overlap 

factor of the multi-mode pump field. sV , pV and ASEV  are group velocity of laser signal, 

pump and ASE. 01  and 01 are the absorption and emission cross sections of thulium 
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ions from the first 6
3 H level to the second 4

3 F level (see Fig. 2. 21). 30 is the absorption 

cross section of thulium ions from the first 6
3 H level to the fourth 4

3 H level (see Fig. 2. 

21). These spectroscopic parameters (cross sections, life time, etc.) of the thulium ions in 

germanate glass are obtained from ref. [144]. signalloss is the propagation loss of the laser 

signal in the Tm-doped germanate fiber and was measured to be ~5 dB/m. pumploss is the 

pump propagation loss in the fiber and was estimated to be ~ 5 dB/m. The propagation 

loss of the ASE (1600nm to 2000 nm) is assumed to be same with that of the laser signal. 

32
0 /2)(  hcP  represents the contribution of the spontaneous emission into the mode. 

01W , 10W  and 30W  are light-induced transition rates for laser signal and pump and can be 

given as follows [148], 
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One program was developed based on these equations mainly using 4th order 

Runge-Kutta method and split step Fourier method (SSFM) [146]. It should be noted that 

pulses with Gaussian shape were utilized in this model. Some important parameters are 

listed in Table 2.1. The life time for 3F4 energy level was measured [144]. The measured 

life time for 3H4 energy level was estimated to be ~0.06ms according to the measured 

related data in tellurite [144] and ZBLAN glass [152]. And the cross-relaxation Rate can 

be calculated through Eq. 2. 5 [149],  
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Where τmeasured, τintrinsic are the measured and the intrinsic lifetime of the thulium ions in 

3H4. 

Parameters Value 
Thulium Ions Concentration (/m3) 5.2*10^26 
Life time for 3F4 energy level (ms) 2.5 
Intrinsic Life time for 3H4 energy level 
(ms) 

0.36 

Measured Life time for 3H4 energy level 
(ms) 

0.06 

Cross-relaxation Rate (m3/s) 26.7094*10^-24 
Core-size (μm) 25 or 30 
Cladding- size (μm) 250 or 300 
Numerical Aperture 0.054 

Table 2.1 Parameters used in modeling for LC-TG-DC-FA. 

 

2.8.2 Pulse energy and average power calculation in the LC-TG-DC-FA 

In the process of simulation, the signal pulse is a Gaussian pulse with a 15ns 

width (full-width at half-maximum). When a signal pulse passes through the large-core 

thulium-doped germanate fiber, it will consume the upper-level (3F4 shown in Fig. 2. 21) 

population, grow along the fiber and finally become a giant pulse. A portion of the 

energy stored in the gain fiber is extracted out during this process, while the pump 

continuously supplies the stored energy. 
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Fig. 2. 22 Output pulse energy from the fiber amplifier for the first entering ten pulses. 

 

Fig. 2. 23 Calculated and measured pulse energy 
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Fig. 2. 22 shows the output pulse energy of the first ten entering pulses under 20 

W pump. Note that the pulse energy of the seed entering the amplifier is 20 μJ. The active 

fiber used here is ~30cm 25/250 μm core/cladding Tm-doped germanate fiber. From Fig. 

2. 22, we could find that the calculated energy for the first pulse is obviously higher than 

that of the following pulses. It is because that a lot of ions are excited to the upper laser 

level by the pump and huge population inversion is achieved before the first pulse 

entering the amplifier. So the first pulse experiences huge gain. However, the pulse 

energy becomes stable soon with more pulses entering the amplifier. 

 

Fig. 2. 24 The measured and calculated average power of 2 ns pulses at 500 KHz 

repetition rate. 
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Then we calculated the output pulse energy from the amplifier under different 

pump level for 20 μJ ~ 15 ns pulses at 5 KHz repetition rate. As shown in Fig. 2. 23, a 

good agreement between the calculated and measured data is achieved. We also 

calculated the average power of the 2 ns pulses at 500 repetition rate and compared with 

the measured data as shown in Fig. 2. 24. They also matched very well. These results 

verify the validity of our model. 

 

Fig. 25 (a) Pulse evolution in the amplifier for rectangular pulse. 

 

2.8.3 Pulse shape evolution in the LC-TG-DC-FA 
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As mentioned in Sec. 2.4, the pulse distortion will be induced due to the gain 

depletion in the process of amplifying nanosecond pulses. Here, using the model, we 

theoretically calculate the pulse evolution for different pulse shapes in the amplifier. Fig. 

2. 25 demonstrates the initial and amplified pulse shapes for rectangular and gaussian 

pulse. We can find that heavy pulse distortion happens for rectangular pulse. However, 

gaussian pulse keeps a good shape. The model can be utilized to design the initial pulse 

shape to get certain kind of pulse shape after the amplifier. For example, Fig. 2. 25 (c) 

shows a kind of rectangular pulse output from the amplifier by designing the shape of the 

input pulse. 

 

Fig. 25 (b) Pulse evolution in the amplifier for gaussian pulse. 
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Fig. 2. 25 (c) Rectangular pulse output from the amplifier. 

 

2.8.4 Stored energy in the LC-TG-DC-FA 

Using this model, we investigate how to extract more pulse energy from a piece 

of active fiber. We calculate the stored pulse energy in the thulium-doped germanate fiber 

defined by  


L
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where s is the frequency of the laser signal, A is the core area and L is the length of the 

active fiber. Fig. 2. 26 (a), (b) demonstrates the stored pulse energy in a ~41 cm LC-TGF 
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with a 30 μm-diameter core at different repetition rate under 20 W and 35 W pump, 

respectively. Note that the seed pulse was ~15 ns Gaussian pulse with 20 μJ pulse energy.  
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Fig. 2. 26 The stored energy in the active fiber for seed pulses at different repetition rate 

under (a) 20 W and (b) 35 W pump when the seed energy is fixed at 20 μJ. 

 

Fig. 2. 26 (c) Stored pulse energy in the active fiber for different seed energy when the 

pump and repetition rate are fixed at 20 W and 5 KHz, respectively. 

 

Fig. 2. 26 (c) shows the dependence of stored energy on the seed energy. The 

pump and repetition rate are fixed at 20 W and 5 KHz, respectively. When the pump was 

launched into the active fiber, the electrons in the ground state will be excited into the 

upper laser energy level and thus the energy will be stored there. When a pulse 

propagates through the active fiber, the stored energy was extracted by the pulse and thus 

drops to its minimum, then starts to grow almost linearly with the time and the slope is 

dependent on the pump power and almost independent of repetition rate. The sharp 
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energy drop, shown in Fig. 2. 26, is the theoretically extracted pulse energy. It depends 

on repetition rate, pump power and seed energy. Specifically, when pump power and seed 

energy are fixed, lower repetition rate leads to more stored energy and more extracted 

energy; When repetition rate and seed energy are fixed, higher pump power enables more 

stored energy and more extracted energy; when repetition rate and pump power are fixed, 

higher seed energy leads to less stored energy but more extracted energy. It should be 

noted that, when the repetition rate was lowered to certain value under high pump level, 

some stored energy will be lost to the induced ASE ( the rolling over of the stored energy 

shown in Fig. 2. 26 (b) for 1 kHz cases). 

We also investigate the dependence of the stored energy on the pulse duration. Fig. 

2. 26 (d) shows the stored energy for 1us and 15ns seed pulse and their seed energy are 

20 uJ. We could find that the stored energy is dependent on the seed energy rather than 

the pulse duration. 

These calculation on the stored energy can provide guidance to choose suitable 

pump power, seed energy and repetition rate to achieve higher pulse energy given a piece 

of active fiber. 
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Fig. 2. 26 (d) The stored energy for 1us and 15 ns seed pulses with 20 μJ pulse energy. 

 

 

Fig. 2. 27 (a) ASE for pulses at different repetition rate. 
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2.8.5 ASE power dependence on the pump power, seed power and repetition rate 

Then we investigate the ASE dependence on repetition rate, pump power and seed power 

as shown in Fig. 2. 27. Fig. 2. 27 (a) shows the ASE power at different repetition rate 

when the seed power is fixed at 100 mw for 15ns pulse at 5 kHz repetition rate. We can 

find that there is a critical repetition rate where the ASE significantly drops. (At the lower 

repetition rate, the ASE power becomes very large and tends to saturate. This saturation 

may result from the depletion of the gain). These results can help us to design and 

estimate the performance of a pulsed fiber amplifier. For example, if our goal is to 

achieve highest pulse energy, we should choose a low repetition rate and simultaneously 

consider the highest pump level we can apply without heavy ASE at such a low repetition 

rate. From Fig. 2. 27, compared with seed power, pump power and repetition rate have 

more significant affect on the ASE. 
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Fig. 2. 27 (b) ASE at different pump level. 

 

Fig. 2. 27 (c) ASE for different seed power. 
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2.9 Summary 

In this chapter, the basics of the thulium ions doped in germanate glass and the 

theory of the cross-relaxation are reviewed. Then we describe a high power and high 

energy all-fiber-based single frequency nanosecond pulsed laser system operating at 2 μm. 

This system can produce: 

1. Half-mJ single frequency transform-limited ~15 ns pulses at 5 kHz repetition 

rate by using 25/250 μm core/cladding Tm-doped germanate fiber.  

2. Nearly one mJ single frequency transform-limited ~ 15 ns pulses at 1 kHz 

repetition rate by using 30/300 μm core/cladding Tm-doped germanate fiber; 

3. Single frequency transform-limited ~ 2 ns pulses with over 16 W average 

power for 500 kHz repetition rate case and with 73.1 kW peak power for 100 kHz 

repetition rate case by using 30/300 μm core/cladding Tm-doped germanate fiber. 

One model is also developed to simulate the pulsed thulium doped double-

cladding germanate fiber amplifier. The model can be utilized to calculate the pulse 

energy, average power, stored energy in the active fiber, the ASE dependence on the 

pump power, repetition rate and seed energy, etc. A good agreement is achieved between 

the calculated and measured data. The model can provide us guidance to design and 

optimize the pulsed highly thulium doped double-cladding germanate fiber amplifier.  
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CHAPTER 3 

TERAHERTZ GENERATION USING 2 μm HIGH POWER AND HIGH ENERGY 

SINGLE FREQUENCY NANOSECOND PULSES 

3.1 Introduction 

In this chapter, we will report a coherent terahertz source generated by mixing 

two 2 μm high energy single frequency transform-limited nanosecond pulses, output from 

two large-core highly thulium-doped germanate fiber amplifier, in a quasi-phase-matched 

gallium-arsenide (GaAs).  

We also built a model for a collinear terahertz parametric oscillator (TPO), using 

the quasi-phase-matched GaAs in the cavity as the nonlinear medium, which was pumped 

by 2 μm high energy single frequency transform-limited nanosecond pulses. The 

threshold of this TPO was investigated for different length of the crystal.  

At last, we proposed a TPO pumped by a cavity enhanced 2 μm high energy 

single frequency transform-limited nanosecond pulses. The enhancement factor of pulses 

in the cavity was numerically investigated. 

3.2 Gallium Arsenide (GaAs) cystal 

 Vodopyanov developed a figure of merit (FOM) based on THz loss, nonlinear 

coefficient and the index of refraction at the pump frequency to help to choose a 

nonlinear crystal for THz generation [153]. The FOM is given by FOM= (deff
2/nopt

2)/αTHz, 

where deff, nopt and αTHz are nonlinear coefficient, the optical pump refraction index and 

THz loss, respectively. In Table 3.1, we list the linear optical properties, nonlinear optical 

properties, and figures of merit (normalized to LiNbO3) of several popular crystals used 
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for THz generation [153]. We can find that LiNbO3 has highest nonlinear coefficient but 

it has very high loss for THz wave. In contrast, GaAs has very low THz absorption and 

thus it has comparable FOM with that of the LiNbO3. And compared with other crystal, 

GaAs has highest FOM. So in our experiment, GaAs is chosen as the nonlinear medium 

for THz generation. 

 

Crystal GaAs GaP ZGP GaSe LiNbO3 

Optical Wavelength 

(μm) 

2.1 1.06 2.1 1.06 1.06 

nopt 3.33 3.11 3.15 2.8 2.16 

αTHz (cm-1) 1 3.3 1 2.5 21.7 

Nonlinear coefficient 

(pm/V) 

46.1 21.7 39.4 24.3 152.4 

FOM 0.83 0.06 0.68 0.13 1 

 

Table 3.1 linear, nonlinear optical properties, and figures of merit (normalized to LiNbO3) 

of several popular crystals 

 

Gallium arsenide (GaAs) is a III/V semiconductor and a compound of the 

elements gallium and arsenic. It is very attractive for THz generation due to its properties 

listed as follows: it has large nonlinear coefficient (d14=46.1 pm/V [154]); compared with 

lithium niobate, GaAs has small THz absorption coefficient (0.5-4.5 cm-1 at 1-3 THz 



 
  

89

[155]); Its large thermal conductivity (52 W/m.K [156]) helps to decrease thermo-optic 

index perturbations under high pump level; the difference between the THz phase index 

and optical group index is very small, which reduces the mismatch between the 

propagation velocities of the THz wave and the optical wave inside it.  

QPM is a technique for phase matching nonlinear optical interactions in which the 

relative phase is periodically corrected using structural periodicity (see Fig. 3.1) built into 

the nonlinear medium. The phase velocity difference is compensated by shifting the 

phase relative to one another over a coherence distance through inverting the sign of the 

nonlinear coefficient. Fig. 3. 1 demonstrates the concept of the QPM technique. Λ 

represents the period of the nonlinear coefficient modulation and is twice of the coherent 

length. The momentum induced by this modulation is defined as follows: Km=2π/Λ. This 

momentum will balance the mismatch between the momentum of interaction waves in the 

parametric process (for example, Kp=Ks+Ki+Km, where p, s, i demonstrates the pump, 

signal, and idler, respectively). 

 

Fig. 3. 1. Concept of quasi-phase-matching technique. 
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Fig. 3. 2 Pictures of the QPM-GaAs with different periods (1, 2, 5 periods). 

 

Fig. 3. 3 Transmission spectra of the QPM-GaAs with different periods. 
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In our experiment, we used diffusion-bonded QPM-GaAs with different number 

of periods. Fig. 3. 2 shows the picture of the QPM-GaAs used in our experiment. The 

transmission spectra of the QPM-GaAs with different periods were also measured by 

using a spectrometer (see Fig. 3. 3). The refractive index of the GaAs at this wavelength 

region is ~3.34 and thus the reflection from the interface between the air and the GaAs 

can be calculated to be ~30%. For the GaAs with several periods, the quality of the 

bonding is not that good that there are several interface between the air and the GaAs. 

That is the reason for the low transmission as shown in Fig. 3. 3. 

3.3 Terahertz generation using difference frequency generation (DFG) 

Fig. 3. 4 shows the diagram of the two all fiber single frequency nanosecond 

pulsed laser systems operating at 1918 nm, 1937 nm, respectively. Both of the laser 

systems are based on MOPA configuration and can produce the transform-limited ~15 ns 

pulses with hundreds of micro-joule energy dependent on the repetition rate. 
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Fig. 3. 4 Diagram of the two all fiber nanosecond pulsed laser system. EOM: electro-

optical modulator; AOM: acousto-optical modulator; LDs: Laser diodes; SM TDF: single 

mode thulium doped fiber. 

 

Fig. 3. 5 demonstrates the diagram of the terahertz wave generation by mixing 

two high energy nanosecond pulses in the QPM-GaAs. The two laser pulses were 

collimated and were spatially combined by a polarization beam combiner (PBC) working 

together with two λ/2 wave-plates. The two pulses were made overlapped in time domain 

by adjusting the time delay between the two laser chains. Then the laser beams were 

focused onto the QPM-GaAs and the generated terahertz wave were collected and 

focused into a liquid-helium cooled Bolometer by two parabolic mirrors. The residual 2 

μm laser leaked from a hole made in the center of the parabolic mirror and were further 

blocked by a home-made filter.  

 

Fig. 3. 5 Terahertz generation using DFG in QPM-GaAs. PBC: polarization beam 

combiner; QPM-GaAs: quasi-phase-matched gallium arsenide. 

 

The power of the generated THz wave under different pump for QPM-GaAs with 

different periods are shown in Fig. 3. 6. Compared with 1 period and 5 periods QPM-
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GaAs, 2 periods QPM-GaAs achieved higher power THz waves. The maximum average 

power and peak power of the generated THz waves are ~ 5.4 μW and 18 mW, 

respectively. The conversion efficiency is ~ 3.89×10-6, which can be improved by using 

QPM-GaAs with low loss. 

 

Fig. 3. 6 Power of the THz wave for different QPM-GaAs under different pump level. 

 

3.4 Modeling a collinear singly resonated parametric terahertz oscillator 

We modeled a collinear singly resonated THz parametric oscillator (TPO). 

Through the modeling, we obtain the threshold of the THz OPO and the THz output 

energy under different pump level. 
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Fig. 3. 7 shows the configuration of the singly resonated TPO. It is pumped by a 

nanosecond pulse in 2 μm regime and the signal (also in 2 μm regime) is resonated in the 

oscillator. The idler is in THz regime and it is extracted out of the oscillator by a off-axis 

parabolic mirror (M5). The nonlinear medium is a QPM-GAs. M1 and M4 are  two 

coupler which have high transmission for pump and high reflection for signal (100% in 

our simulation). M2 and M3 have high reflectivity for both pump and signal wave (100% 

in our simulation). 

 

Fig. 3. 7 Configuration of the singly resonated THz parametric oscillator. 

 

We have already built a high power and high energy nanosecond laser source at 

1918.4 nm. So pump wavelength is fixed at 1918.4 nm. We would like to achieve THz 

wave at two wavelengths: Case I: 200 μm and Case II: 118 μm. 
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The process of the parametric mixing in the QPM-GaAs can be described by the 

three-wave parametric mixing equations which can be reduced in the plane-wave limit to 

*1
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where x (x=i, s, p), x (x=i, s, p), x (x=i, s, p), xn (x=i, s, p), deff and k  are the group 

velocity, linear absorption, angular frequency, refractive index, effective nonlinear 

coefficient and the phase velocity mismatch in the crystal. The important parameters used 

in the simulation are listed in Table 3.2. 

 
Parameters Value 
Pump wavelength (μm) 1.9184 
Signal wavelength (μm) Case I: 1.937;  Case II: 1.9501 
Idler wavelength (μm) Case I: 200;     Case II: 118 
Linear absorption (cm-1) 0.5 
Effective nonlinear coefficient (pm/v) 108.55 [157] 
Phase velocity mismatch 0 
Beam diameter (μm) 300 

 
Table 3.2. Important parameters used in the simulation for singly resonated THz 

parametric oscillator. 
 

 
Based on the parametric mixing equations, the THz OPO is modeled using Split 

Step Fourier Method in Matlab. Firstly, the threshold of this THz OPO is calculated for 

different length of crystal as shown in Fig. 3. 8. The threshold is defined by pump peak 

power. When the crystal is short, the THz OPO needs more pump power to induce 

enough gain. With the increase of the crystal length, the threshold decreases. However, 
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longer crystal, on one hand, provides more gain. On the other hand it introduces more 

linear loss. So when the crystal length is increased to certain value, the threshold starts to 

increase (see Fig 3. 8). We could find that when the crystal length is ~30mm, the 

minimum threshold (Case I: 23 kW; Case II: 13.8 kW ) is achieved.   

 

Fig. 3. 8 Threshold of THz OPO for different length of crystal 
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Fig. 3. 9 Generated THz energy under different pump level. 

 

Then the crystal length is fixed as 30 mm and the generated THz energy is 

calculated under different pump level which is shown in Fig. 3. 9. The efficiency at the 

maximum output is calculated to be 0.17% and 0.278% for Case I (200 um idler) , II (118 

um idler) respectively. Both curves show the saturation trend with the increase of the 

pump energy. Fig. 3. 10 shows typical pulse shape for residual pump and extracted idler 

(THz wave). These pulse shape evolution explains the saturation trend shown in Fig. 3. 9 

to some extent. From Fig. 3. 10, we could find that the pump is depleted in the region 

where the idler temporally overlaps with the pump. This depletion (the decrease of the 

peak power) results in the decrease of the efficiency of the nonlinear energy transfer. And 

with the increase of the initial pump, this depletion becomes more and more severe. And 
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the idler energy start to transfer back to pump when the initial pump is increased to 

certain value. 
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Fig. 3. 10 Pulse shapes of residual pump and extracted Idler wave (THz) for different 

initial pump. 

 

For undoped GaAs, the threshold of laser induced damage in nanosecond regime 

is ~0.9 J/cm2 [158]. In our simulation, the beam diameter is set as ~300 um. So the 

damage threshold defined by energy is ~0.636 mJ. If 10 ns pulses are chosen, the damage 

threshold defined by peak power is ~ 63.6 kW which is above the THz threshold. Based 

on these simulation, it should be expected to build such a collinear THz OPO pumped by 

nanosecond pulse with high peak power in 2 μm regime. The most difficult thing of 

experimentally implementing such a THz OPO is to get a very good edge coupler (M1), 

shown in Fig. 7, which should have high transmission for pump but high reflectivity for 

signal. In order to get THz wave (idler), the wavelength difference between the pump and 

the signal is only twenty or thirty nanometers. So such a edge coupler is hard to get at 2 

μm region. The most difficult thing is to get a very good edge coupler (M1), shown in Fig. 
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7, which should have high transmission for pump but high reflectivity for signal. In order 

to get THz wave (idler), the wavelength difference between the pump and the signal is 

only twenty or thirty nanometers. So such a edge coupler is hard to get at 2 μm region. 

3.5 THz parametric oscillator pumped by cavity enhanced 2 μm nanosecond pulses 

3.5.1 Design 

We also proposed a THz parametric oscillator pumped by cavity enhanced 2 μm 

nanosecond pulses, whose configuration is shown in Fig. 3. 11. A high energy 

nanosecond pulsed fiber laser operating at 2 μm regime is used as the pump and it is 

enhanced in a four-mirror bow-tie cavity, which serves at the same time as the TPO 

cavity. A quasi-phase-matching GaAs is anti-reflection coated for the pump wave and 

then works as the nonlinear medium. Both concave mirrors (M2, M3) and one plane 

mirror (M4) of the cavity are high reflection coated for the pump and signal wave. The 

other plane mirror (M1) has a transmission for the pump and signal wave to allow optimal 

coupling of the pump laser. The pump laser beam out of the fiber need to be adjusted. 

Specifically, one lens is used to collimating the pulse out of the fiber and then the beam 

size is adjusted using a telescope. Then two plane mirrors are utilized to couple the pulse 

into the cavity. 
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Fig. 3. 11 Configuration of the pump enhanced THz parametric oscillator. 

 

3.5.2 Bow-tie cavity stability condition 

 

Fig. 3. 12 Diagram of the bow-tie ring cavity. R is the radius of the curvature mirror; d is 

the distance between the two curvature mirrors. 
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Fig. 3. 12 shows the diagram of the bow-tie ring cavity. It consists a plane mirror, 

a plane coupler and two curvature mirrors. R is the radius of the curvature mirror. d is the 

distance between the two curvature mirrors. And L is defined to be the total length of the 

cavity.  

Firstly, we investigate the stability condition of the bow-tie ring cavity using the 

ABCD matrices method. ABCD matrices are multiplied together starting at the dashed 

line as shown in Eq. 3. 2: 

          Eq. (3.2) 

The stability condition is |A+D|<2, which leads to Eq. (3. 3) [159], 

                                        Eq. (3.3) 

Another extra condition is that the cavity length (L) should be larger than twice of 

the distance between the two curvature mirrors (2d). The radius of the curvature mirrors 

(R) is fixed as 0.25 m. So the stability condition for different cavity length as a function 

of distance between the two curvature mirrors based on Eq. 3. 3 is calculated and shown 

in Fig. 3. 13. The red curves violate L>2d and thus are not physical. So the blue curves, 

located between 0 and 1 region, represent the stable cavity. Based on this calculation, we 

choose L=75 cm and d=30 cm and build a stable bow-tie cavity. 
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Fig. 3. 13 Stability condition as a function of distance between the two curvature mirrors 

for different cavity length. The red curves violate L>2d and are not physical. 

 

3.5.3 Pulse enhancement in the bow-tie cavity 

R. Tanaka et. al. investigated the Stable confinement of nanosecond laser pulses 

in an enhancement cavity [160]. E. Petersen et. al also calculated the pulses enhancement 

factor in a bow-tie cavity for nanosecond pulses. The equation they utilized is listed as Eq. 

3. 4 [161],  

     Eq. (3. 4) 

where E is the pulse envelope, T is the transmission at M1, l is the round trip power loss, 

L is the cavity length, c is the speed of the light, k is the wave number, Based on this 

equation, we investigate the enhancement factor of the pulses in the cavity dependent on 

the pulse duration, the cavity length and the transmission of the coupler. 



 
  

104

Fig. 3. 14 demonstrates the pulse enhancement as a function of the pulse duration 

for different cavity length. The transmission of the coupler is fixed as 3% to impedance 

matching the cavity loss (3%). We could find that the enhancement factor increases as the 

increase of the pulse duration and then tend to be a constant. For the same pulse duration, 

the enhancement factor decreases as the increaser of the length of the cavity. 

 

 

Fig. 3. 14 Enhancement factor as a function of the pulse duration for different cavity 

length. 

 

For short pulses, it is better to use over-impedance-matching, which means that 

transmission of the coupler is higher than the cavity loss. It is verified by the simulation 

results shown in Fig.3. 15. 
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Fig. 3. 15 Enhancement factor as a function of the pulse duration for different 

transmission of the coupler. 

 

3.5.4 Implementation of the pulse enhancement in the bow-tie cavity 

Based on the design mentioned above, we build a bow-tie cavity as shown in Fig. 

3. 16. M1 is the coupler. M2 is a plane mirror with high reflectivity (99%) and is fixed on 

a piezo. M3 and M4 are two curvature mirrors with radius of 25 cm. The piezo is utilized 

to move the M2 to change the cavity length periodically.  
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Fig. 3. 16 Bow-tie ring cavity in the lab. 
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Fig. 3. 17 Laser resonances in the bow-tie cavity when its length is adjusted by a piezo. 
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Fig. 3. 17 shows the resonances of the laser in the cavity when the piezo is used to 

change the cavity length periodically. The alignment was optimized by monitoring the 

resonance spectra (for example, from Fig. 3. 17 (a) to Fig. 3. 17 (c)). But the 

enhancement factor was measured only 3 to 5 for continuous laser. The other problem is 

that the jitter is so big that the cavity cannot be locked. The big jitter may come from 

laser system itself and the environment vibrations.  
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CHAPTER 4 

ALL FIBER WAVELENGTH TUNABLE MODE-LOCKED LASER OPERATING IN 

2 μm REGIME 

4.1 Introduction 

Ultrafast fiber sources have seen rapid developments over the past decade due to 

their numerous potential applications in bio-imaging, spectroscopy and 

telecommunications. Compared with conventional ‘bulk’ solid-state lasers, ultrafast fiber 

sources have significant advantages including compactness, low cost, and simple thermal 

management. In addition, the performance (in term of output power, wavelength 

coverage and pulse duration) of ultrafast fiber lasers has been improving, which allows 

them to compete directly with traditional solid state laser sources. 

Fiber lasers based on Er-doped and Yb-doped materials typically operate near 

1550nm and 1030nm, respectively. Fiber sources based on Thulium (Tm) and Holmium 

(Ho) doped glasses that operate in the 2 mm region have shown average powers up to 100 

W with 68% efficiency [24, 140, 162, 163]. The broad and smooth gain spectrum of 

thulium-doped silica fiber makes it a well-suited gain medium for generation of ultrashort 

optical pulses and broad wavelength tunability. To date, a few examples of ultrafast Tm-

doped fiber oscillators have been reported [164-170]. The performance of these 

oscillators is quite modest compared to mode-locked lasers based on Er-doped and Yb-

doped materials. Regarding wavelength tunability of fiber lasers near 2 micron 

wavelength, there are only two published works so far [164, 166]. The previous lasers 

were built with bulk optical components which required alignment and adjustment. In 
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this work, we report the construction and characteristics of a Tm-doped all-fiber tunable 

mode-locked oscillator. Tuning range of > 50nm is achieved using FTCNT SA and a 

fiber format tunable filter. 

4.2 Configuration of the mode-locked laser 

 

Fig. 4. 1 Schematic diagram of the all-fiber mode-locked tunable ring laser. 

 

The schematic diagram of our laser is shown in Fig. 4. 1. The ring laser contains 

~2.2-m of Tm-Ho co-doped fiber with 9-um core diameter. The absorption at 1571 nm is 

~23.1 dB/m. The pump laser is a diode laser operating near 1571 nm, which is amplified 

to ~ 500 mW average power using a home-built cladding pumped Er/Yb codoped fiber 

amplifier. The 1571 nm pump laser is launched into the ring cavity through a 1550/2000 

WDM fiber coupler to pump the Tm-Ho co-doped fiber in the core. We use a FTCNT SA 

similar to the one we reported in Ref. 169 as the mode-locking element. Compared to 
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traditional mode-locking techniques, SA based on CNT avoids the complexity and 

environmental instability of NPE while providing much more operating spectral coverage 

compared to SESAM [171]. The linear loss of the SA was measured to be ~30%. A fused 

fiber output coupler is used to extract ~ 60% of the circulating light out of the resonator. 

For stable unidirectional operation a fiber-coupled isolator is incorporated into the cavity. 

The loss of the isolator was measured at ~ 5 dB, which is quite high and needs 

improvement. Nevertheless, stable mode-locking is observed at a wide range of laser 

parameters (cavity lengths, pump powers and central wavelengths). 

4.3 Wavelength tuning element 

Wavelength tunability is achieved by incorporating a fiber taper filter into the 

cavity. This in-house made fiber taper has a spectral response that is different from the 

one used in the SA. The taper in the SA was pulled adiabatically to ensure a flat spectral 

response [172]. The taper used for tuning, on the other hand, was pulled un-adiabatically 

to introduce mode coupling. The spectral response of the taper is close to a sinusoidal 

function as the result of modal interference. We have demonstrated previously the tuning 

of CW fiber laser using this type of device [173]. The fiber taper is fixed using a pair of 

fiber holders that could be moved separately to stretch or unstretch the taper and thus to 

tune the central wavelength of the mode-locked laser. The use of the FTCNT SA and the 

fiber taper tunable filter has enabled the construction of an all-fiber format wavelength 

tunable laser oscillator where no alignment is needed. 

The spectral response of the fiber taper-based tunable filter was measured using 

an ASE source based on the Tm-Ho co-doped gain fiber. The taper has an excess loss of 
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~0.5dB, a modulation depth of ~7.5 dB and a free spectral range (FSR, the peak-to-peak 

distance in the spectral response) of ~60 nm. Furthermore, the full width at half 

maximum (FWHM) of the transmission curve of the filter is ~ 30 nm. It acts as a good 

bandpass filter for the laser and it does not limit the bandwidth of the mode-locked pulses. 

The taper is fixed at two optical stages as shown in Fig. 4. 2. The spectral response is 

blue-shifted when the taper is mechanically stretched after being pulled using a flame 

(see Fig. 4. 3). We could tune the filter response by one FSR by stretching the taper about 

200 micron. The effect is elastic in nature so that the location of the peaks or dips could 

be recovered by unstretching the taper by the same amount. The process is repeatable and 

controllable making the taper advantageous for tuning the wavelength of the mode locked 

laser. 

 

Fig. 4. 2 The fiber taper was fixed at two stages used for wavelength tuning element. 
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Fig. 4. 3 Spectral response of the fiber taper filter and its shift upon stretching. 

 

4.4 Mode-locking element 

An adiabatic fiber taper embedded in single-wall cabon nanotube  (SWCNT) 

polymer composite works as the saturable absorber in the laser cavity to enable mode 

locking [172]. Fig. 4. 4 demonstrates the picture of the absorber fabricated in Kphotonics 

Inc. 
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Fig. 4. 4 The CNT based absorber (from www.kphotonics.com). 

 

4.5 Results 

At the initial position of the taper tunable filter, the laser was mode-locked at 

1891.1 nm when the pump power was ~365 mW. Mode-locking was self-starting without 

any adjustment of the laser cavity. The tuning range is ~ 50 nm, covering the wavelength 

range from 1866.3 nm to 1916.4 nm through shifting the tunable filter by one FSR (Fig. 4. 

5). The laser remained mode-locked within the entire tuning process. At some positions 
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of the tunable filter we observed small CW break-through on the output spectrum. When 

this happened, the pump laser was adjusted slightly to remove the CW break-through. 

 

Fig. 4. 5 Tuning characteristic of the mode-locked ring laser using an intracavity fiber 

taper tunable filter. 

 

The duration of the output pulses was measured using an home-built 

interferometric autocorrelator. The result of this measurement is shown in Fig. 4. 6. We 

demonstrated pulse duration of ~ 1 ps over most of the tuning range. The average output 

power was also measured for each wavelength and the result is shown in Fig. 4. 6. The 

repetition rate of the pulse train was measured to be ~40 MHz. 
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Fig. 4. 6 Output power and pulse duration versus wavelength; the inset is the 

interfermetric autocorrelation trace when the laser wavelength is at 1882.5 nm. 

 

4.6 Summary 

we demonstrated an all-fiber wavelength tunable CNT mode-locked Tm/Ho-

codoped laser using a single-mode fiber taper as the spectral filter with tuning range of 

over 50 nm (1866.3 to 1916.4 nm). 
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CHAPTER 5 

SUMMARY AND PROSPECT 

5.1 Summary 

This dissertation research work has mainly investigated 2 μm all-fiber based 

pulsed laser sources in both nanoseconds and ultrafast regime. THz wave generation, 

using high energy 2 μm nanosecond pulses, has also been theoretically and 

experimentally investigated. 

In nanosecond regimes, we built a high power and high energy monolithic single 

frequency pulsed laser system in MOPA configuration, producing >16 W average 

power, > 73 kW peak power single frequency ~2 ns transform-limited pulses and mJ-

level single frequency ~ 15 ns transform-limited pulses. To our best knowledge, this is 

the highest average power, peak power and pulse energy for such kind of all fiber single 

frequency nanosecond pulsed laser source in the 2 μm regime. 

One model has been built to simulate the pulsed double-cladding highly thulium-

doped germanate fiber amplifier. The model can be utilized to calculate the pulse energy, 

average power, stored energy in the active fiber, the ASE dependence on the pump power, 

repetition rate and seed energy, etc. A good agreement is achieved between the calculated 

and measured data. The model can provide us guidance to design and optimize the pulsed 

highly thulium doped double-cladding germanate fiber amplifier. 

Two channel of high energy nanosecond pulses are utilized to generate THz wave 

in a quasi-phase-matched (QPM) gallium arsenide (GaAs) based on difference frequency 

generation. ~ 5.4 μW average power and ~ 18 mW peak power THz wave is achieved. 
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One model is built to simulate a singly resonated THz parametric oscillator. The 

threshold, the dependent of output THz energy on pump energy was investigated through 

this model. One pump enhanced THz parametric oscillator has also been proposed. And 

the enhancement factor for nanosecond pulses in the cavity is calculated for different 

pulse duration, cavity length and coupler transmission. One bow-tie ring cavity was built 

in the lab and the laser resonances were observed by using a piezo to adjust the cavity 

length periodically. 

In ultrafast regime, We build an all-fiber thulium-doped wavelength tunable 

mode-locked laser operating near 2 m. Reliable self-starting mode locking over a large 

tuning range (> 50 nm) using fiber taper based carbon nanotube (FTCNT) saturable 

absorber (SA) is observed. Spectral tuning is achieved by stretching another home-built 

fiber taper. The pulse duration in the whole tuning range is around one picosecond. To 

the best of our knowledge, this is the first demonstration of an all-fiber wavelength 

tunable mode-locked laser near 2 μm. 

5.2 Prospect 

The average power and pulse energy of the nanosecond pulses can be further 

scaled using another power amplifier stage using newly developed 40 μm thulium-doped 

germanate fiber in NP Photonics, Inc.. 

The singly resonated parametric oscillator can be experimentally implemented 

after getting a good coupler (high transmission at 1918.4 nm and high reflectivity at 1937 

nm, for example). 
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