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在本論文中，我們研究一套操作在超大異常色散之摻鉺光纖被動鎖模

雷射系統的輸出特性。雷射共振腔長約 400 公尺，可產生 500kHz 超低脈衝

重複頻率，利用不同的輸出耦合率，可直接輸出超過 120nJ 高能量穩定脈

衝序列。藉由適當調整輸入之功率與偏振控制器之角度可得到穩定不分裂

之方波輸出,最後透過脈衝寬度與頻寬計算可得出此雷射輸出之特性參數

來估計脈寬壓縮的資訊。 
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In this thesis, we experimentally demonstrate a passive mode-locked 

Erbium-doped fiber laser with large net round trip anomalous dispersion and 

nonlinearity through about 400m cavity length. The laser can output optical 

pulse trains at the low repetition rate around 500kHz and with the high pulse 

energy larger than 120nJ directly from the laser output. By adjusting the 

polarization controllers (PCs) and the pump power level, high energy pulses 

with square profile and nanosecond pulse-width without pulse breaking can be 

observed. Finally, we study the characteristic parameters of our pulses for 

further compressing the pulse-width to attain the short pulse-width and high 

peak power. 
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Chapter 1 

Introduction 

1.1 Passive mode-lock fiber laser 

Optical fiber lasers were first demonstrated in the 1960s. Since then they 

have been developed to become versatile optical sources with many desirable 

properties. Fiber lasers have the advantages of better qualities, greater efficiency 

and lower sensitivity to alignment. In contrast with bulk lasers, the pump 

intensity in the fiber waveguide is largely independent of the laser length, 

resulting in large amplifier gain and low laser threshold. In the development of 

the Erbium Doped Fiber Amplifiers (EDFAs) in 1980s, the fiber laser researches 

also have drawn serious attention in the world. Since then fiber lasers have been 

predominantly developed for communication applications, in which many of the 

applications have relied on utilizing a mode-locking mechanism to produce short 

optical pulses. 

The field of mode-locked fiber lasers has grown tremendously over the last 

20 years [1.1].This class of lasers offers a low cost, rugged and compact source 

of ultra-short pulses. The term “mode-locking” refers to the requirement of 

phase-locking many different longitudinal modes of a laser cavity. If the 

individual phase of the light waves in each mode is not fixed, it may interference 

the other modes and leads to random fluctuations in the output intensity. These 

effects will cause the laser to be in a continuous wave (cw) operation. In case 

sufficiently many longitudinal modes are locked together with only small phase 

differences between the individual modes, it results in a continuous train of 

extremely short pulses rather than a CW of light. 

There are two common techniques for achieving mode-locked lasers: active 
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and passive mode-locking. The distinction between the two techniques is that 

the passive methods rely on the exploitation of nonlinear optical effects in 

materials to initiate mode-locking without an external signal, while the active 

methods typically involve using an externally modulated media or device (ex: 

optical modulators ). General speaking, passive mode-locked lasers could 

generate much shorter pulses than active mode-locked lasers. It is because the 

active methods are limited to the speed of electronic signal generators while the 

passive ones can fastly modulate the absorption  through the pulse-induced 

nonlinear effects. Several different physical mechanisms can be used for passive 

mode-locking: semiconductor saturable absorber mirrors (SESAM), polarization 

additive pulse mode-locking (P-APM) configurations and nonlinear optical loop 

mirrors (NOLM).  

Semiconductor saturable absorber mirror (SESAM) technology has been 

widely used to attain the mode-locking regime in different solid-state and fiber 

lasers. Femtosecond mode-locked lasers utilizing SESAM have been 

demonstrated [1.2]. The SESAM is a saturable absorber that operates mostly in 

reflection modes, and the reflectivity increases with higher incoming pulse 

intensity. 

The polarization additive pulse mode-locking (P-APM) techniques were 

developed in about 1990s. Since it has many advantages and can achieve good 

performance, P-APM gradually replaced the real saturable absorbers, such as 

SESAMs. The pulse-shortening strength could be adjusted by simply rotating 

the polarization controllers. To date, P-APM is the most commonly used 

techniques to generate pulses with durations below 100fs both in the Er-fiber 

and Yb-fiber lasers [1.3]. 

The nonlinear optical loop mirror (NOLM) technique is a useful method for 
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many applications in optical signal processing such as pulse shaping and optical 

switching. It can also be used in the fiber laser to generate the mode-locking 

state, producing optical pulses around 100fs with high energy [1.4]. This optical 

device splits the input light into the two directions in the opposite ways around a 

fiber loop with a coupler. The two lights acquire different phases because of the 

nonlinear propagation in the waveguide loop and interfere again in the coupler 

to obtain the additive pulse mode-locking effects. 

 

1.2 High energy pulse generation 

For many applications of mode-locked fiber lasers, the peak power of the 

optical pulse train is one of main issues. To achieve a high power laser, many 

research groups have involved in this exciting research field. High pulse energy 

laser has many scientific and industrial applications, including biological 

metrology, industrial processing, remote sensing, and coherent lidar systems, etc. 

The pulse energy directly measured from typical mode-locked fiber lasers 

without external amplification is usually limited by the various characteristics of 

mode-locked fiber lasers. When the pumping power is increased above certain 

threshold, pulse breaking might occur and severely limit the achievable output 

pulse energy. 

In order to improve the pulse energy performance, several approaches have 

been reported in the previous literatures. The combination of Q-switching and 

mode-locking in one cavity is successfully employed for generating high-energy 

pulses of laser radiation [1.5]. Using additional optical amplifiers is a feasible 

method, such like the chirped-pulse amplification (CPA) technique [1.6]. 

Another way to increase pulse energy of output radiation is the usage of a long 
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laser cavity [1.7][1.8]. The pulse repetition rate of a mode-locked laser is 

inversely proportional to its resonator length. The longer cavity length leads to 

the lower repetition rate and the higher pulse energy. The other methods 

including different coupling ratio, the usage of large area mode fibers [1.9][1.10] 

and Kerr-lens mode-locked lasers [1.11]. 

 

1.3 Square pulses generation 

In the fiber laser systems, the nonlinear polarization evolution (NPE) 

mode-locking mechanism is one of the important techniques that we usually 

used. Square-like pulses can be obtained under the normal dispersion region 

using the NPE technique with elongation of cavity length in an all-fiber passive 

mode-locked Er-doped fiber laser [1.12]. According to the theory, the generation 

of square pulses might be due to peak clamping effect in the long cavity length 

laser. The high energy square pulse output can be potentially used for fiber 

optical sensor and laser lidar systems. In the all normal dispersion region, the 

square-profile dissipative solitons with the pulse energy about 281.2 nJ without 

pulse breaking have been experimentally reported [1.13]. Recently, in some 

researches the dispersion compensation fibers (DCF) have replaced the 

traditional single mode fibers (SMF) for increasing the cavity length in Er-doped 

fiber lasers. It is because the SMF exhibits anomalous dispersion within the 

spectrum range of Er-doped fiber lasers and the DCF could operate the laser in 

the net normal dispersion region. In the anomalous dispersion region, the 

nanosecond square pulses obtained with the long-cavity fiber ring laser and high 

pulse energy have also been reported [1.14]. Furthermore, operating the laser in 

the ultra-large negative dispersion regime might produce the dual-wavelength 
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step-like pulses [1.15]. To date the value of highest pulse energy for long cavity 

length passive mode-locked Er-doped fiber lasers at large anomalous dispersion 

region  is reported to be around 80 nJ using traditional conventional single 

mode fibers. 

 

1.4 Motivation of the thesis 

Passive mode-locked lasers (PML) that can output ultra-short pulse trains 

are widespread to various scientific and engineering fields because their fiber 

delivery and high reliability. In order to develop more applications, the 

generation of high energy pulses directly from the laser output is increasingly 

required. Nevertheless, for avoiding pulse breaking or multiple pulse operation, 

the highest pulse energy operated in the slightly net anomalous dispersion region 

is quite limited [1.16]. Recently, PML lasers with both the Erbium and 

Ytterbium doped gain fibers have operated in the all normal dispersion 

configurations or in the net normal dispersion region to generate high pulse 

energy. High power PML Er-doped fiber lasers in the all-normal dispersion have 

been experimentally demonstrated [1.17]. As reported, 191 kHz and 690 kHz 

low repetition rate pulses with higher energy pulses over 20 nJ and 75.2 nJ can 

be produced in an all fiber PML ytterbium doped fiber laser in ring and linear 

cavity configurations respectively [1.18][1.19]. In contrast, utilization of 

mode-locked fiber laser operated in the large anomalous dispersion region is less 

investigated. 

In this work, we have used the Erbium-doped fibers as the gain media to 

build an all-fiber laser mode-locked by the nonlinear polarization rotation 

mechanism. A long section of 400 m single mode fiber in the cavity is used to 
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build the large net round-trip amorous dispersion and net round-trip optical Kerr 

nonlinearity. The high energy pulses as well as nanosecond square pulses are 

experimentally observed in an all-fiber Er-doped fiber laser with 500 kHz low 

mode-locking repetition rate. The output pulse energy can be greater than 100 nJ 

at the 560 mW pumping level, indicating the possibility of achieving high pulse 

energy directly from the laser output. The high energy square pulses output may 

be useful for practical applications. 

 

1.5 Organization of the thesis 

The thesis consists of four chapters. In Chapter 1, the motivation of this 

research and the overview of mode-locked fiber lasers will be introduced. 

Chapter 2 is devoted to the principles of mode-locking techniques. Chapter 3 

shows the structure of the experiment and the discussion of our results. Finally, 

Chapter 4 gives the conclusions and future expectations. 
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Chapter 2 

Principles 

2.1 Polarization Additive Pulse Mode-Locking 

The additive pulse mode-locking (APM) [2.1] is a common technique for 

passive mode-locking of lasers. It employs nonlinear Kerr effects in the cavity to 

attain pulse shortening. The Kerr effects induce different nonlinear phase shifts 

on the peak and the wings of the pulses. Constructive interference then occurs 

near the peak of the pulses and destructive interference occurs near the wings. In 

this way, the pulse-width is shortening. APM is easily achieved in fiber lasers 

because of the strong nonlinear self-phase modulation (SPM) effects that arise 

from the small mode field diameter of the fiber. 

The particular scheme used in fiber lasers for implementing APM is called 

the polarization additive pulse mode-locking (P-APM) [2.2]. If the optical pulse 

in an isotropic optical fiber is with an elliptical polarization state, the nonlinear 

polarization rotation (NPR) effects will occur for this polarization state due to 

the nonlinear Kerr effects in the fiber. Fig.2-1 shows the illustration of NPR. 

 
Fig. 2.1 Nonlinear polarization rotation in Kerr medium 
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Fig. 2.2 P-APM technique in a fiber ring laser 

 

Nonlinear polarization rotation induces different nonlinear phase shifts on 

different circular polarization components. The orientation of the polarization is 

rotated by the nonlinear medium and the quantity of rotation depends on the 

intensity of the light. Fig. 2.2 shows the schematic of one realization of a fiber 

ring laser. A polarization dependent isolator (PD-ISO) is for single direction 

propagation and also serves as a polarizer-analyzer. PC is the inline polarization 

controller. The following is the principle of the P-APM technique. The light 

wave is first linearly polarized by the PD-ISO in position ○1 . Then, the PC1 

elliptically polarizes the light wave in position ○2 .The ellipse can be 

decomposed into the right- and left-hand circular polarization components. 
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When the light wave propagates from ○2  to ○3 , if the light intensities between 

two circular components are different, the lightwave experiences different 

amounts of nonlinear phase shifts for each component. The light polarization 

orientation starts to rotate, which is known as the nonlinear polarization rotation. 

Finally, at the position ○4  of the ring cavity, the PC2 orients the pulse and 

selects the lightwave polarized in a particular direction so that the peak of the 

pulse passes through the analyzer while the wings of the pulse are extinguished. 

Therefore the ultra-short pulse can be created. 

 

2.2 Nonlinear polarization switching 

Nanosecond square pulses can be generated in Er-doped mode-locked fiber 

laser with a long cavity. It is because the peak power clamping effect [2.3]. 

Assume a ring laser cavity which includes L length of the birefringent element 

(usually use the birefringent fiber). θ is the azimuth angle of the 

polarization-dependent isolator with respect to the fast axis and Ω is the 

rotation angles by polarization controllers. The magnitude of the round trip 

intensity transmission T of the laser system can be express as 

12cos sin(2 )sin[2( )]*[1 cos 2 ( )]02
T L Lb     

 
(2.2.1) 

Here Lb0 is the natural beat length of the birefringent element. In optical 

fibers, the beat length at a particular wavelength will change with the input 

power, which causes the nonlinear polarization switching. Assuming that the 

pulse is linearly polarized at θ = 45°, the relationship between the new value of 
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the beat length Lb and the input power p can be express as  

2 1/2
0

3 5( 1 )
8 8b bL L p   

                    (2.2.2) 

where p is the normalized power defined as 

22 3Δp n I n
                               (2.2.3) 

, I is the optical intensity and ∆n is the refractive index difference between the 

fast and the slow axes. The different power-dependent beat length will result in 

different transmission.  

 

 

Fig. 2.3 Transmission T versus different normalized power p 

atθ= 45°, 30°, 20° [2.4] 
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Fig. 2.3 shows the transmission T versus normalized input power p for 

linearly polarized light at different θ with Ω being set at 90°. As we can see 

in the figure, in the small input power region, the transmission is proportional to 

the input power. However, the transmission will eventually reach a saturation 

value at a specific power. For example, at θ= 45°, the maximum value of T is 

attained about p= 2.5. As long as the pulse power is sufficient to reach the 

maximum transmission, the peak power will be clamped due to the transmission 

saturation. In this case, the mode-locked fiber laser could be operated in the 

square pulse condition after properly rotating the angles of polarization 

controllers. In order to have the maximum switching efficiency, we set θ=45° 

and Ω=90°. According to equations (2.2.1) and (2.2.2), the approximate 

expression for the lowest normalized power that maximizes the transmission is 

2

0

2 3 5 1
2 8 8b

p
L L

                           (2.2.3) 

which can be solved as 

  22
0

1 2 2 3 1
25sw bp L L   

                (2.2.4) 

Equation (2.2.4) indicates that the switching power is inversely proportion to the 

fiber length. It means that the square pulses can be generated in the smaller 

normalized input power if we increase the total cavity length. 
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2.3 Chirped Gaussian pulses 

We consider a simple wave function description for the transform-limited 

Gaussian pulses, and the incident field as the following form [2.5] 

   2 2
00, expt t    

                          (2.3.1) 

whereτis the pulse-width. In fact, the full width at half maximum (FWHM) 

pulse-width instead of τ is more commonly used in actual computations. The 

intensity I(t) = |A(t)|2 is also a Gaussian function and its FWHM can be 

expressed as 

 1 22ln 2 1.18FWHM   
                      (2.3.2) 

This Gaussian pulse has a minimum time-bandwidth product. If the Gaussian 

pulse has an initial frequency chirp, then equation (2.3.1) will be modified as 

     2 2 2 2
0 exp expt t ja t    

             (2.3.3) 

Where a is a linear chirp parameter. From the equation (2.3.3), the phase φ can 

be written as 

  2 2/t at 
                                    (2.3.4) 

Which is the function of time and φ˝ = 2a/τ2. The instantaneous frequency i is 

given by

 2
0i a t   

                                (2.3.5) 

A pulse is said to be chirped if it’s instantaneous frequency is time varying. By 

using equation (2.3.5) one finds that theυi is the linear function of time. The 
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pulse is called up-chirped for a> 0, down-chirped for a< 0, and unchirped for 

a= 0. To further study how the linear chirp effect on the frequency domain, we 

perform Fourier transforms for equation (2.3.1), so that 

 
 

2 2 2
0 exp

12 1 jaja
   



 
                            (2.3.6) 

and the spectral intensity  S(υ) = |A(υ)|2 is given by 

 
 

 22 22
00

22

2
S exp

14 1

I
aa

   




 
  

                   (2.3.7) 

From equations (2.3.7) and (2.3.2), we set the spectral width at 1/e intensity 

point and thus the product of FWHM temporal and half-width spectral is given 

by 

20.44 1FWHM a                                (2.3.8) 

If the chirp a=0, the minimum possible time–bandwidth product is obtained for 

transform-limited pulses. We can use the equation (2.3.8) to find out the chirp 

parameter in our laser output and try to restore the spectral phase. According to 

(2.3.6), the spectral phase for a linearly chirped Gaussian pulse is 

   2 2 2 22 1 1 a                                  (2.3.9) 
We can also estimate the chirp parameter in the frequency domain. 

Considering the case of Gaussian form, the incident field of a chirped pulse in 

frequency domain can be written as 

    2exp 0.5*F i                           (2.3.10) 
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Where αis the band-width constant and δis the frequency chirp parameter. 

The Fourier transform of the equation (2.3.10) is 

    2

2 2
2 2 2 2

exp 0.5 /

exp 0.5* 0.5*

F t i t

t i t

 

 
   

    
                 (2.3.11) 

Like the previous derivation, the FWHM value both in the time and frequency 

domains is given by 

2 ln 2FWHM                                (2.3.12) 

and 

2 2

2 ln 2*tFWHM  




                        (2.3.13) 

With equations (2.3.12) and (2.3.13), we can utilize the time-width and the 

optical band-width measured from experiments to estimate the values of αand 

δ. 

Next, we consider the high order chirp term and the equation (2.3.10) will be 

modified as 

    2exp 0.5*F i i                      (2.3.14) 

whereγ is the third order chirp. It can be estimated by using the filter to scan 

the whole spectrum and record the corresponding time width. The relationship 

between central-frequency-difference (∆λ) and filtering time width 

( FWHMt[∆λ] ) is 

    '
2

62 ln 2t
cFWHM        

         (2.3.15) 
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where λ is the central wavelength and αˊ is the filtering bandwidth. 

Therefore, the characteristic parameters of the laser output pulses can be 

effectively estimated. 
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Chapter 3 

Experimental setup and results 

3.1 Experimental setup 

 

 

 

 

 

 

 

 
 

Fig. 3.1 Experimental fiber laser setup 
 

The schematic setup of the all-fiber ring laser in our experiments is shown in 

Fig. 3.1. The laser is pumped by a 980 nm laser diode through a 

wavelength-division-multiplexing (WDM) coupler. An Erbium doped fiber of 

1.7 m (dispersion 0.05164 ps2/m) is used as the gain medium. Two polarization 

controllers (PCs) are employed to adjust the polarization states of the circulating 

light in the cavity. With the two polarization controllers and the polarization 

dependent isolator (PD-ISO), the nonlinear polarization evolution mechanism of 

passive mode-locking is achieved. The 400m long signal mode fiber is added 

inside laser cavity to provide large nonlinearity for achieving mode-locking and 

reducing the pulse repetition rate to increase pulse energy. The net cavity 
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dispersion of the ring laser is estimated to -9.23 ps2, implying that the laser is 

operated in a large anomalous dispersion region. In order to attain the highest 

pulse energy, we change the output coupling ratio (90/10, 70/30, 50/50, 30/70) 

to observe the change of output power and characterization of mode-locked (ML) 

pulses. Finally, we use the optical spectrum analyzer (Agilent 86146B), 

Rf-spectrum analyzer (HP-8591E), power meter (Newport inc.), and 

high-resolution digital storage oscilloscope (Agilent 86105A 20 GHz) to 

characterize the laser output pulses. 

 

3.2 Results and discussions 

There are many methods to attain the high pulse energy, including to 

increase the pump power, to reduce the pulse repetition rate as the cavity length 

increase, and to change the output coupling ratio, etc. In our experiment, the 

maximum pumping power is about 561mW, and the pulse repetition rate is 500 

kHz as we have put 400 m long SMF inside the cavity. We adjust the output 

coupling ratio to obtain the highest pulse energy. When the pumping power is 

above a certain threshold, a relatively stable continuous-wave mode-locking 

(CW-ML) state without pulse breaking can be achieved by properly rotating the 

paddles of the polarization controllers. Depending on the adjustments of the 

polarization controllers, either a multi-pulse operation (harmonic mode-locking) 

or single-pulse regime can be started. Our task is to find the highest output 

power within the single-pulse operation as much as possible. 

Fig. 3.2 shows the RF spectrum of the mode-locked pulse train. Due to the 

long cavity length, the pulse repetition rate is as low as 500kHz. The 

corresponding time trace of ML pulse trains measured by the real-time 
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oscilloscope is shown in Fig.3.3. It can be seen that the time interval of pulse 

separation is about 2μs. The mode-locked pulse train is relatively stable as also 

can be seen from the time trace data. 

 

 

 

 

 

 

 

 

 

Fig. 3.2 RF spectrum of the pulse train 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Time trace of the pulse train 
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3.2-1 High pulse energy 

The measured average output powers (left side) and the estimated pulse 

energy (right side) versus the pump power is illustrated in Fig. 3.4. Using a 

90/10 output coupler, the maximum pulse energy is estimated to be about 22.4nJ 

at the 570mW pumping level with the 500 kHz repetition rate and 11.2mW 

average output power. It should still be possible to further increase the pulse 

energy by optimizing the cavity design, so we keep trying different coupling 

ratios. 

 
Fig. 3.4 Pulse energy and output power versus pump power with 

90/10output coupler 

 

As illustrated in Fig. 3.5, the corresponding pulse energy is increased to be 

about 63.2 nJ using the 70/30 output coupler because the maximum output 

power is increased to be 31.6mW. The threshold pump power for mode-locking 

is about 225mW. The pulse energy and average output power still grows linearly 

with the pump power, indicating that even higher pulse energies can be 

expected. 
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Fig. 3.5 Pulse energy and output power versus pump power with 

70/30output coupler 

 

After increasing the output coupling ratio to be 50%, the output light 

intensity is equal to that storage inside the laser cavity. The pulse energy and 

average output power versus the pumping power are illustrated as shown in Fig. 

3.6(b). The threshold pump power for mode-locking is raised to 320mW and the 

maximum output pulse energy is over 100 nJ. After proper rotating the PCs, we 

can observe the mode-locked pulses with relatively wide optical spectrum 

bandwidth as illustrated in Fig. 3.6(a). The center wavelength is about 1585 nm 

and the 3dB bandwidth is 50 nm. A broad optical spectrum bandwidth indicates 

that ultra-short pulses can be generated through proper external compression 

mechanism. After properly rotating the angles of the polarization controllers, the 

relative narrower spectral bandwidth about 10nm can be produced as shown in 

Fig. 3.7(a). Fig. 3.7(b) shows that the highest output power and pulse energy are 

63 mW and 126 nJ, respectively. This indicates that the narrower spectral 

bandwidth case can reach higher pulse energy. 
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Fig. 3.6(a) Optical spectrum with broaden bandwidth (b)corresponding pulse 

energy and output power by increasing the pump power (with 50/50 coupler) 

 
Fig. 3.7(a) Optical spectrum with narrow bandwidth (b)corresponding pulse 

energy and output power versus pump power (with 50/50 coupler) 
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Fig. 3.8(a) Optical spectrum with broaden bandwidth (b)corresponding pulse 

energy and output power by increasing the pump power (with 30/70 coupler) 

 

Fig. 3.9(a) Optical spectrum with narrow bandwidth (b)corresponding pulse 

energy and output power versus pump power (with 30/70 coupler) 
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In order to further increase the pulse energy, we use a 30/70 output coupler 

in which 30% of the light is feedback into the cavity and 70% of the light is 

output. The reduction of pumping power in the cavity makes it more difficult to 

produce the mode-locking state. The measured pulse energies versus the pump 

powers are shown in Fig. 3.8 and Fig. 3.9. As we can see, the pulse energy 

cannot exceed 106nJ whether the optical spectrum bandwidth of ML pulses are 

broaden (40 nm) or narrow (15 nm). Figure 3.10 shows the maximum pulse 

energy at the 560 mW pump power using different output coupling ratios. The 

50/50 coupling ratio maintains a stable mode-locking state without pulse 

breaking and attains the highest pulse energy about 126 nJ. 

 

Fig. 3.10 Output coupling ratio versus pulse energy 
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3.2-2 Square pulse 

By carefully adjusting the polarization controllers, a stable ML pulses with 

square shape are also observed. Fig. 3.11 shows the expanded single pulse trains 

measured from the high revolution oscilloscope at different pump powers with 

50/50 output coupler. Unlike the previous results, the pulse maintains a stable 

square-like shape without pulse breaking. The 3 dB duration of square pulse 

increases with the pump strength, while the highest amplitude of the pulse 

almost remains constant as the pump power variation. Fig. 3.12 indicates the 

corresponding optical spectra of ML pulses with square shape at lower (solid) 

and higher (dash) pump powers. The center wavelength is located about 1569 

nm and the 3dB bandwidth maintains a constant at different pump power. 

 
Fig. 3.11 Expanded single pulse traces under different pump power 

(With50/50 coupler) 
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Fig. 3.12 Optical spectra of the square pulses 

 

 
Fig. 3.13 Pulse energy and output power versus pump power 
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Fig. 3.14 Pulse energy and output power versus pump power 

(With 50/50 coupler) 
 

Under the square pulse condition, the threshold pump power for stable 

mode-locked pulses generation is about 200 mW as shown in Fig.3.13. The 

maximum pulse energy and output power is 100 nJ and 50 mW under the 560 

mW pumping power level. Fig. 3.14 indicates that the square pulse-width versus 

the pumping power grows linearly and the maximum 3 dB duration of square 

pulse is 4.6 ns, which is limited by the pump power injected into the cavity. 

Based on the measured pulse parameters, we estimate that the peak power of the 

square pulse output was about 22 W at different pump powers. The square shape 

pulse can also be experimentally obtained by using a 70/30 output coupler. 

Through proper adjusting the polarization state by the PCs and keeping the 

pumping at the 560 mW, the short pulse-width about 2.4 ns and highest pulse 

energy about 100 nJ can be experimentally obtained to achieved the highest 

peak power about 44 W as shown in Fig. 3.15. 
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Fig. 3.15 Pulse energy and output power versus pump power 

(With 30/70 coupler) 

 
Fig. 3.16 Expanded single pulse traces under different pump power 

(With 30/70 coupler) 



 

32 
 

The expanded single pulse trains generated from our laser with a 30/70 coupler 

are shown in Fig. 3.16. Like the previous results, the nanosecond square pulses 

can still be maintained as the pump power varies. 

It is interesting to find that the center wavelength can be fine-tuned through 

PCs at the same pump power. The center wavelength can be effectively tuned 

from 1565 nm to 1600 nm by properly rotating the PCs as shown in Fig. 3.17. At 

the short wavelength region, the 3dB bandwidth is about 10 nm. The obtained 

spectrum bandwidth will become broadened at the longer wavelengths. However, 

the relatively narrow bandwidth appears again when the center wavelength 

approaches 1600 nm. Table 3.1 shows the different center wavelength versus the 

bandwidth. 

 
Fig. 3.17 Tenability of the center wavelength 

 
Center 

wavelength (nm) 
1564 1567 1568 1580 1598 

Bandwidth (nm) 5 6 11 35 9 
Table. 3.1 Different center wavelength versus bandwidth 
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In our fiber laser, there are many different operation states that can be 

obtained with different polarization controller settings and intra-cavity peak 

powers. The operation state with broader bandwidth can more easily break to 

result in multiple pulse operation or harmonic mode locking [3.1]. The laser 

output power as a function of increasing pump power with different laser 

operation regimes is shown in Fig. 3.18. The laser operates at a stable 

fundamental mode-locking state as pump power above 200mW. The optical 

spectrum and the time trace of pulse trains are illustrated in Fig. 3.19 and Fig. 

3.20. It can be seen that the center wavelength is about 1580 nm and the 3dB 

spectrum bandwidth is 38 nm. The time interval of pulse separation is about 2μs, 

corresponding to 500kHz repetition rate. The pulses maintained stable operation 

until 400mW pump power, and the obtained pulse energies are between 35 to 75 

nJ.  

 
Fig. 3.18 Pulse energy and output power versus pump power with different laser 

operation regimes indicated 
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Fig. 3.19 Optical spectrum in mode-locking state 

 

 
Fig. 3.20 Time trace of the pulse train in mode-locking state 
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Fig. 3.21 Unstable Optical spectrum in pulse splitting state 

 

 

Fig. 3.22 Time trace of the pulse train in pulse splitting state 
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Fig. 3.23 Time trace of the uncontrolled splitting pulses 

 

 
Fig. 3.24 Time trace of the pulse train in harmonic mode-locking state 
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As the pump power is above 400mW, the mode-locked pulses will break up 

into multiple pulses and the optical spectrum becomes noisy. Fig. 3.21 and Fig. 

3.22 show the obtained spectrum and pulse train in the pulse splitting state. This 

is because the maximum sustained energy of single pulse is limited and the 

pulses will break as the pumping power increase [3.2]. The splitting pulses are 

uncontrolled as shown in Fig. 3.23 until the pumping power is increased about 

520mW. Harmonic mode-locking state is observed as illustrated in Fig. 3.24 and 

the repetition rate is thus increased to 1MHz. Fig. 3.25 shows the optical 

spectrum in harmonic mode-locking state. 

 

Fig. 3.25 Optical spectrum in harmonic mode-locking state 
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3.2-3 Chirped pulse 

From section 3.2 we demonstrate a novel passive mode-locked all-fiber 

Er-doped fiber laser with the highest pulse energy over 100 nJ. In this section, 

we want to characterize the chirp properties of our laser outputs for further 

compressing the pulse-width by an external pulse compression section to obtain 

the ultra-short pulses with higher peak power. In the beginning, we operate the 

laser to be with a relatively flat optical output spectrum. Fig. 3.24 and Fig 3.25 

show the original optical spectrum and time trace of single pulse. The center 

wavelength is about 1570 nm and the 3dB spectrum bandwidth is 30 nm. At 411 

mW pumping power, the pulse-width measured from high-resolution digital 

storage oscilloscope is about 350 ps. In section 2.3 we know that the parameter 

α and δ can be acquired by the pulse-width and the 3dB spectrum bandwidth. 

To determine the nonlinear chirp parameter γ, we use a tunable optical filter to 

select one strip of the optical spectrum from the ML pulses and measure the 

corresponding pulse-width. In the beginning, we filter out more than half of 

optical spectrum range and keep only the center part.  The center wavelength of 

optical spectrum is 1569 nm and the spectrum bandwidth is 3 nm as shown in 

Fig. 3.26. Next, we keep the filtering bandwidth about 3nm and shift the center 

wavelength from the short edge to the long edge every 9 nm as shown in 

Fig.3.28 and Fig. 3.30. The filtered pulse shapes measured from the high 

revolution digital oscilloscope are shown in Fig. 3.27, Fig.3.29 and Fig.3.31. We 

use these measured pulse-width and spectral bandwidth for nonlinear chirp 

estimation. 
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Fig. 3.26 Optical spectrum before filtering 

 

Fig. 3.27 Time trace of single pulse 
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Fig. 3.28 Optical spectrum before (up) and after (down) filtering. 

(middle remain) 

 

Fig. 3.29 Time trace of single pulse 

(middle remain) 
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Fig. 3.30 Optical spectrum before (up) and after (down) filtering. 

(left edge remain) 

 

Fig. 3.31 Time trace of single pulse 

(left edge remain) 
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Fig. 3.32 Optical spectrum before (up) and after (down) filtering. 

(right edge remain) 

 

Fig. 3.33 Time trace of single pulse 

(right edge remain) 
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After filtering, the measured pulse-width change apparently at different 

center wavelengths. It is due to the reason that the chirp coefficient of the pulse 

varies at different center wavelengths, and thus the pulse-width will change at 

different filtered center wavelengths [3.3]. Fig. 3.32 shows the filtered 

pulse-width versus different center wavelengths. The pulse-width increases 

almost linearly as we change the center wavelength from shorter to longer edges 

and the measured shortest pulse-width is about 150 ps. 

 

Fig. 3.34 Wavelength versus the pulse-width after filtering 

 

Finally, through the filter-wavelength-dependent filtered pulse-width, the 

third order chirp parameter γcan be estimated. The resulting parameters are 

shown in Table 3.2 
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α 5.00458×10-27      (s2) 

δ 1.48699×10-23      (s2) 

γ -7.52141×10-37   (s3) 

Table. 3.2 Estimated values of parameters 

 

The characteristics of our laser outputs are now experimentally confirmed. 

In principle, we can use them to estimate the proper length of different 

characteristic fiber to further compress the output pulses. 
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Chapter 4 

Conclusions 
We have demonstrated a passive mode-locked all-fiber Er-doped fiber laser 

operated with large net round trip anomalous dispersion and large nonlinearity 

in a long fiber cavity. About 400 m single mode fibers have been added inside 

the laser cavity to generate stable wave-breaking-free pulses with 500 kHz 

repetition rate. At 561 mW pump power, the highest output power about 63 mW 

and highest pulse energy about 126 nJ have been experimtally demonstrated. 

Furthermore, a relatively broad and flat optical spectrum of 50 nm has been 

experimentally obtained with a 50/50 output coupler. This fiber laser 

configuration may be further applied to other applications that require a large 

pulse energy or peak power directly from the mode-locked fiber laser. 

Nanosecond square profile pulses can also be generated in our laser system 

by proper adjustment of the PCs. At this state, the ML pulses can be maintained 

at relatively higher pump power without pulse breaking. It demonstrates that 

high energy pulses can not only generate in the net normal dispersion or all 

normal dispersion regions, but also in the large anomalous dispersion region. 

The pulse-width of square-shape pulses will become broadened as the pump 

power increases. It may be the reason for the observed pulse-breaking-free large 

pulse energy generation.  

Finally, the characteristic parameters of the laser output pulses are 

experimentally estimated. It should help to design the external pulse 

compression setup for further reducing the pulse width. This will be one of our 

future research directions.  


