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Abstract 
 
In this thesis we report on the experimental studies on the generation of ultrashort 
pulses from mode-locked ytterbium fiber lasers operating at 1 µm wavelength region. 
Different fiber cavities, all with a linear geometry, were studied. The passive mode-
locking investigated here was based on SESAM technology. GaInAs and GaInNAs 
material systems were explored as saturable absorbers. The results obtained with the 
GaInNAs SESAMs demonstrated that these reflectors can be faster than the mirrors 
made of GaInAs. This allowed shorter optical pulses to be achieved from ytterbium 
fiber lasers with saturable absorbers based on dilute nitride, and suggests that using 
dilute nitride material system allows avoiding post-growth actions needed for 
reducing the absorption recovery time and, therefore, making SESAM technology 
more efficient and cost-effective. 
 
The cavity configuration which was studied allowed for tunable pulse operation in 
three adjacent wavelength bands which cover the spectral range from 977 to 1115 nm. 
The typical pulse width was in the picosecond range with an average output power of 
tens of mW. The amplification of these pulses in a cladding-pumped fiber amplifier 
up to average power over 700 mW has been demonstrated, that corresponds to a peak 
power of 6 kW and a pulse energy of about 23 nJ. Using a grating pair for dispersion 
compensation inside the cavity, pulses as short as 1 ps were achieved. External pulse 
compression was also used resulted in 340 fs duration pulses. 
 
The generation of mode-locked pulses in a cavity without dispersion compensation 
was also studied using a short-length cavity with a doped fiber placed inside a loop 
mirror. The self-starting mode-locked operation with overall normal cavity dispersion 
was initiated and stabilized with optimized high-performance SESAMs.  
 
In another cavity using the dispersion compensation by a Gires–Tournois 
interferometer (GTI), the reduction of the pulse duration by an order of magnitude 
was achieved, as compared to the pulses obtained without dispersion compensation. 
To conclude, the main result of this work is an extensive study of SESAM technology 
for mode-locking of fiber lasers in the 1 µm wavelength region. The results which 
should be emphasized are 

– the demonstration of GaInNAs SESAMs in short-wavelength region (<1.1 µm), 
– broadly tunable mode-locked ytterbium fiber oscillator, 
– dispersion compensation free fiber lasers mode-locked with SESAMs, 
– the use of a compact GTI for dispersion compensation in a fiber cavity. 
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1 Introduction 
 
 
The remarkable progress in the telecommunications industry achieved in recent years has made 
an optical fiber technology a mature sector of the world industry. Consequently, the 
improvements in a fiber technology have resulted in significant development in related fields, for 
instance, the fiber lasers that intensively enter into the applications which previously were 
covered exclusively by solid-state lasers. In particularly, the area of tunable ultra-short optical 
pulse generation has been dominated so far by the Ti:Sapphire lasers. 
 
With its broad-gain bandwidth, high optical conversion efficiency, and large saturation fluency 
an ytterbium doped fiber is a very promising medium for the generation and amplification of 

tunable short and ultrashort pulses around the 1 µm spectral range. Another interesting property 
of an Yb-doped fiber is that it can be made to work at 977 nm, thus opening the possibility to 
produce 488 nm radiation through second harmonic generation (SHG). Such a source could be 
an attractive alternative to bulky and inefficient Ar-lasers. 
 
The main problem to be resolved when developing the mode-locked fiber lasers at short 
wavelength range (<1.3 µm) is the large value of normal dispersion of the fiber. Therefore, very 
few successful reports on short pulse fiber lasers in this region can be found, despite a 
continuous interest in compact fiber oscillators. The dispersion compensation in a cavity is 
usually achieved by using a grating pair or prism sequence. These devices make the cavity bulky, 
and the laser loses an elegant all-fiber form. A new solution that uses photonic bandgap (PBG) 
fibers is, as yet, on the early stage of development and its potential for dispersion compensation 
in fiber lasers is still to be carefully examined. Another well-known alternative is a Gires–
Tournois interferometer (GTI). This approach, however, is generally not suitable for fiber lasers, 
because fiber cavities tend to exhibit dispersion larger than a GTI can compensate for. 
 
It would be extremely desirable to ensure strong mode-locking mechanism that could initiate 
self-starting short pulse operation in a wide range of cavity dispersion. Since the demonstration 
of the first passively mode-locked laser, different saturable absorbers have been applied to 
initiate and maintain the pulse generation. In the 1990’s, a new type of absorber was developed, 
a so-called semiconductor saturable absorber mirror (SESAM). Today, it is one of the most 
efficient triggers for pulse operation. SESAMs are used for mode-locking fiber lasers, solid-state 
lasers, disc laser and semiconductor lasers. An attractive feature of the SESAM technology is 
that the parameters of the reflector, e.g. the operation wavelength, saturation fluency and 
nonlinear response, could be conveniently adjusted. 
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In this thesis, we report on the experimental studies on mode-locked Yb-doped fiber lasers using 
various saturable reflectors and compensation schemes. Notably, we demonstrated a new 

GaInNAs-based SESAM for mode-locking fiber lasers at 1 µm. The broad wavelength tunability 
of such lasers was also demonstrated, along with the amplification of the pulses using a master 
oscillator power amplifier (MOPA) setup. 
 
 
Another laser cavity examined in this thesis relies on a specially made gain fiber with a very high 
concentration of Yb-ions. With this fiber, the total length of the cavity could be reduced down to 
a few centimeters resulting, therefore, in an exceptionally low value of the overall cavity 
dispersion. With a short-length cavity, the use of a GTI for dispersion compensation has been 
successfully demonstrated, as well. 
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2 Theory 
 
 
In this chapter the main theoretical aspects of the work are reviewed. The subjects to 
be considered are related to:  

i) the properties of Yb-doped fiber amplifiers, 
ii)  dispersion properties of optical fibers and dispersion compensation 

techniques used in fiber lasers,  
iii)  the principles of passive mode-locking, 
iv) a general description of semiconductor saturable absorber mirrors 

(SESAMs); their property and performance.  

2.1 Properties of Yb-doped optical fibers 

Since their development in the 1970’s, optical fibers have become an essential 
component in many devices and systems [1]. They have found applications in 
imaging, sensing, telecommunications, material processing and many other fields of 
modern industry. The main advantage of the optical fibers, which are represented on 
Figure 2.1, is that they have low losses, and owing to the excellent beam confinement, 
the single mode regime can be easily achieved. The optical fibers have huge potential 
for high-capacity data transmission. All tools and instruments needed to handle the 
fiber are available commercially. 

 
Figure 2.1 – Basic geometry of an optical fiber. 

Optical fibers doped with rare-earth ions are almost ideal media for the generation and 
amplification of light, including radiation in the form of ultra-short optical pulses [2]. 
This property stems from the combination of the excellent light propagation 
characteristics of an optical fiber and the large absorption and emission cross sections 
of the active ions. Light amplification in rare-earth ion doped fibers has been 
exploited for the development of many important devices, such as fiber amplifiers 
used for optical telecommunications and a variety of fiber lasers. 
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Figure 2.2 – Gain spectral bands of the fibers doped with different ions. 

Figure 2.2 is a schematic representation of the gain spectral bands of the three most 
popular active rare-earth-doped fibers: Nd, Yb and Er. The arrows in the diagram 
indicate the wavelengths used to pump those ions, the rectangles represent the gain 

regions. As shown, the ideal ion for emission around 1 µm wavelength range is Yb, 

which exhibits a very broad gain bandwidth from 975 to over 1150 nm. Two spectral 

bands can be used for pumping the Yb-ions. One is ∼915 nm and the other one is 

980 nm. The spectra for the absorption and emission cross sections of Yb ions with 
silica as a host material are shown in Figure 2.3. 

 
Figure 2.3 – (a) Absorption and emission cross sections and (b) energy diagram of Yb-doped fibers [3]. 

From the cross-section spectra of Figure 2.3 it is clear that pump light absorption at 
980 nm is several times higher than absorption at 915 nm; the absorption bandwidth, 
however, is larger at 915 nm. This results in a very high pumping efficiency at 
980 nm, but requires narrow-band spectrally stabilized pump source. Pumping at 
915 nm, although less efficient, is attractive due to the very broad absorption 
bandwidth. Furthermore, pumping at 915 nm enables emission in the 980 nm region, 
which is important for frequency conversion. 
 
The 980-nm fiber lasers have important applications in telecommunications and 
aerospace where they can be used to pump multiple erbium-doped fiber amplifiers. 
When frequency-doubled to 490 or 488 nm, they are replacement candidates for argon 
ion lasers for use in instrumentation in many analytical and bio-medical applications. 
For example, Southampton Photonics Inc. (SPI) and the Optoelectronics Research 
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Centre at the University of Southampton have reported 3.5 W of output power at 980 
nm from a jacketed air-clad ytterbium-doped fiber laser [4]. 

2.2 Dispersion in optical fibers 

Dispersion is a measure of the temporal broadening of optical pulses as they 
propagate in materials. Usually two different definitions are used, that may cause 
confusion. To avoid such confusion, the two definitions are presented here, along with 
the relationship between them [5]. The definition of the group velocity, Vg, of a mode 

propagating in a fiber with propagation constant β is 
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where ω is the angular frequency, k is the wave number and c is the speed of light. 
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where L is the length of the fiber and λ is the wavelength of the radiation. Assuming 

that the pulse has a spectral width ∆ω, the temporal (dispersion) broadening of the 

pulse, ∆T, is given by 
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where the Group Velocity Dispersion, GVD, is defined as 
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This parameter is usually expressed in [ps2/km]. Another definition for dispersion is 

derived from expression (2.3) written in terms of the wavelength increment ∆λ: 
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where D is the Group Delay Dispersion, GDD, defined as 
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This parameter is usually expressed in [ps/nm/km], and can be related to the GVD by 
the expression: 

 22

2 c
D

π β
λ

= − . (2.7) 



 6 

When the GVD is positive, the dispersion is said to be normal, and anomalous when 
the GVD is negative. If one uses GDD instead of GVD, the signs are obviously 

reversed. It should also be mentioned that expression (2.3) is valid only when ∆ω is 
small, otherwise higher order terms must be considered: 

 2 3 4

0 1 2 3 4
1 1 1( ) ( ) ...
2 6 24

β ω β ω β ω β ω β ω β ω= + ∆ + ⋅ ∆ + ⋅ ∆ + ⋅ ∆ +  , (2.8) 

where the higher-order terms in the expansion are defined as 

 

0

n

n n

d

d ω ω

ββ
ω =

= . (2.9) 

The terms β3 and β4 are the third and fourth order dispersion terms. They should be 
taken into account when analyzing the propagation of ultra-short optical pulses with 
duration on a femtoseconds time scale. However, the study reported in this thesis, is 
mainly limited to picosecond-range pulses. Therefore, the higher order dispersion 
terms may be neglected and are not considered here. 
 
In a simple arrangement of a laser cavity and a dielectric material therein, such as 
fiber gain medium, fiber passive components and SESAM, total cavity GDD for 
wavelengths shorter than 1 µm is usually positive. In other words, shorter wavelength 
light experiences a higher refractive index and a lower group velocity. This causes 
lengthening of a laser pulse per each round trip and prevents stable, short-pulse 
operation. 
 
As shown in Figure 2.4, the dispersion in a single mode optical fiber has two main 
origins: the dispersion of the material and the dispersion of the waveguide. These two 
factors are not entirely independent, but usually they can be calculated separately, 
unless one needs an extremely rigorous calculation of the dispersion. 
 
Material dispersion originates from the dependence of the refractive index with the 
wavelength of the radiation. A fraction of the mode propagates in the cladding of the 
fiber, which has different refractive index than the core of the fiber. The waveguide 
dispersion comes from the fact that the confinement factor which indicates the ratio of 
light propagating within the core to the total mode intensity, is wavelength-dependent. 
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Figure 2.4 – Contributions of (a) material and (b) waveguide dispersion to (c) total dispersion [6]. 

The material dispersion is normal for short wavelengths (<1.2 µm), while the 
waveguide dispersion is normal at any wavelength (even for the fibers with different 
waveguide geometries, e.g. for so-called dispersion shifted or dispersion flattened 
fibers). As a result, the total dispersion in conventional index guided fibers is normal 

for wavelengths below 1.3 µm. When the fiber cavity is used to build an ultrashort 
pulse source, it is desirable to operate the laser at a low-value anomalous dispersion to 
reduce the pulse duration and to enhance the pulse shortening mechanism due to 
soliton formation [7]. Therefore, in order to support the ultrashort pulse length of an 
ultrafast laser, the laser must possess a total negative group-delay-dispersion, 
(negative GDD) i.e., the sum of the GDD of the laser gain medium and all the cavity 
components must be negative. 
 
New types of optical fibers, such as PCF [8] or PBG fibers [9], can be designed to 

have anomalous dispersion in the 1-µm wavelength range or even at shorter 
wavelengths. However, the use of such fibers as intracavity elements in a fiber laser is 
a challenging solution because the optical structure of these fibers is very different 
from the structure of conventional index guided fibers. Therefore, alternative 
dispersion compensation techniques are considered in this study to enable the 
generation of short optical pulses. 

2.2.1 Dispersion compensation with diffraction gratings 

The use of a pair of diffraction gratings for dispersion compensation in a laser cavity 
is a well-known technique applied to solid state and fiber laser systems [10]. Figure 
2.5 shows schematically a typical dispersion compensation setup comprising a grating 
pair and a mirror. Two pairs of gratings can also be used; this configuration allows for 
a system with ring cavity operating in traveling-wave regime. 
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Figure 2.5 – Dispersion compensation with grating pairs. 

The dispersion compensation effect in a grating pair arises from the fact that spectral 
components with shorter wavelengths (b – blue) travel a shorter distance than do 
spectral components with longer wavelengths (r – red). The difference in travel 
lengths is 
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cos( )
L d

θ
γ θ

+∆ =
−

, (2.10) 

where d is the distance between the gratings, γ is the incidence angle. The angle θ is 
given by 
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Here f is the separation between the fringes of the gratings. Finally, the GVD 
generated by this system is given by [10] 

 

3 22
2 3
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ω π

−
  

= = −  − −  
   

. (2.12) 

From Equation (2.12) it is clear that one can obtain large anomalous dispersion at any 
wavelength as long as the gratings with a proper spatial frequency and separation 
distance are used. However, the grating pairs have a disadvantage of being bulky free-
space optical components, which introduce significant losses and increase the size and 
complexity of a fiber-based system. 

2.2.2 Dispersion compensation with a Gires–Tournois Interferometer (GTI) 

A GTI consists of a partially reflective top mirror, a cavity and a second mirror with a 
very high reflectivity [11]. Figure 2.6 shows a simplified scheme of a GTI, which is 
composed of a layer of refractive index n1, and width e, and a bottom perfectly 
reflecting surface. 
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Figure 2.6 – Scheme of a Gires–Tournois Interferometer. 

Its group-delay spectrum exhibits resonances that are characteristic of the 
transmission spectrum of Fabry-Perot interferometers. In 1964 Gires and Tournois 
[11] first suggested the use of these interferometers for pulse compression, and in 
1969 the GTI compressor was used to achieve the mode-locked picosecond pulses 
from a He-Ne laser. Recently, Kuhl and Heppner used GTI for intracavity chirp 
compensation [12], [13]. 
 

It can be shown that delay time τg of light reflected from a GTI structure is 
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where r is the reflectivity of the top mirror, and t0 is the time it takes for the light to 

propagate once through the layer (0 2 ncost e cθ= ). The dispersion of the GTI can now 

be estimated using the expression (2.3). Results of calculations for a device with a top 

reflectivity r = 0.9 and width e = 2.1 µm, assuming normal incidence and a refractive 
index n = 3, are shown in Figure 2.7. 
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Figure 2.7 – Group delay (τg) and group velocity dispersion (GVD) generated by a GTI. 

For a real device, with a bottom reflectivity slightly lower than “1”, the shape of these 
curves is not affected, although the generated dispersion is slightly smaller. More 
important effect is the appearance of a resonance dip in the reflectivity curve of the 
whole device. This dip limits the operation bandwidth of the device and it can 
introduce losses in the cavity thus limiting its applicability for intracavity dispersion 
compensation in a fiber laser. On the positive side, the GTIs can be integrated 
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together with semiconductor saturable absorber mirrors in a compact device that 
simplifies the architecture of a pulsed fiber laser [14]. 
 
The obvious disadvantage of the GTIs is that the GVD is strongly dependent upon the 
wavelength of the light incident thereon, as seen from Figure 2.7, which shows 
variation of the group velocity dispersion of a Gires–Tournois interferometer with 
respect to the wavelength of the incident light. This dependence is periodic in nature, 
the feature characteristic of multiple-beam interferometers like a Fabry-Pérot etalon. 
The variation in GVD with wavelength poses a significant practical problem when 
using a Gires–Tournois interferometer in a tunable pulsed laser. More specifically, in 
order to form highly stable soliton-like pulses, the group velocity dispersion must be 
accurately controlled and maintained. Unfortunately, as the wavelength of the laser is 
tuned, the GVD of the Gires–Tournois interferometer will vary. This effect will cause 
the pulse formation to become unstable to the point where the laser will no longer 
operate in the pulsed mode. 

2.3 Operating regimes of a laser 

The operating regimes of the laser can be classified on the basis of temporal 
characteristics of output emission. The most important regimes are continuous wave 
(CW), Q-switching, mode-locking, and Q-switched mode-locking [15]. They are 
depicted in Figure 2.8. In CW operation, the laser output is obviously stationary in 
time, while in the other regimes the output is time dependent. 
 
A Q-switched laser is a device to which the technique of active or passive Q-
switching is applied, so that it emits high-energy pulses [16]. In Q-switching 
technique, the cavity losses are kept on a high level until the gain medium has stored a 
significant amount of energy supplied by the pump source. Then, the losses are 
suddenly reduced down to a small value, so that the power of the laser radiation in the 
cavity builds up. This results in a pulse, the energy of which can be in the millijoule 
range even for rather small lasers. The decrease of optical loss corresponds to an 
increase in the Q-factor of the cavity. The cavity losses can be switched by applying 
different techniques. Active Q-switching uses a control element driven from an 
external electrical generator, e.g. an acousto-optic or electro-optic modulator. With 
this approach, the pulse is shaped shortly after an electrical signal arrives to the 
modulator. The achieved pulse energy and pulse duration depends on the energy 
stored in the gain medium. Passive Q-switching is performed by placing the saturable 
absorber in the laser cavity. The energy and duration of the Q-switched pulse is 
determined by the cavity and switching parameters, while the pulse repetition rate is 
determined by the pump power. 
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Q-switching allows for the generation of low repetition rates of high-energy pulses 
with durations much longer than those obtained with mode-locking. The pulse width 
in a Q-switching regime is typically in the nanosecond range (corresponding to 
several cavity round trips), and the pulse repetition rate ranges typically from 1 kHz to 
tens of kHz. The most common type of a Q-switched laser is the actively Q-switched 
one. The highest pulse energies and shortest pulse durations can be obtained with low 
repetition rates, however, at the expense of lower average output power.  
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Figure 2.8 – Four main laser operation regimes. 

Mode-locking is a method to obtain ultrashort pulses from a laser. When considered 
in the frequency domain, mode-locked laser generates a short pulse in the cavity, 
when a fixed phase relationship is achieved between its longitudinal modes. As in a 
Q-switched laser, either an optical modulator or a nonlinear component, such as 
saturable absorber, needs to be incorporated into the laser cavity to yield an ultrashort 
pulse circulating in the laser cavity [17]. The pulse repetition period corresponds to 
the round-trip time (typically 10–100 ns), while the pulse duration is typically 
between tens of fs and tens of ps. 
 
Active mode-locking in a fiber laser is usually achieved with a Mach-Zehnder 
integrated-optic modulator, or with a semiconductor electroabsorption modulator that 
have a waveguide structure well-matched with an optical fiber. The period of the 
modulator signal should correspond to the round-trip time of the cavity. Higher 
repetition rate of the pulse trains can be obtained with harmonic mode-locking, which 
is the regime where multiple pulses are circulating in the laser cavity. The achieved 
pulse duration is typically in the picosecond range and is only weakly dependent on 
parameters like modulator signal strength. Passive mode-locking could provide much 
shorter pulses, because a saturable absorber with a short recovery time modulates the 
cavity losses much faster than any electronic modulator. Saturable absorbers for 
passive mode locking can be actual absorber devices, for example, semiconductors 
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using band-to-band absorption, or structures that induce an effective loss modulation 
using nonlinear effects. The popular form of a nonlinearity utilized in a solid-state 
laser is a Kerr lens mode-locking [18], while in fiber laser convenient method of Kerr 
nonlinearity is nonlinear polarization rotation in a fiber. 
 
Although actively mode-locked lasers produce longer pulses as compared with 
passively mode-locked oscillators, an important advantage of this technique is that an 
output pulse train is synchronized to an external signal. This feature is particularly 
important for telecommunication applications requiring the locking of an optical 
signal to the clock. These sources representing optical clock generators are developed 

based on 1.55-µm erbium-doped mode-locked fiber lasers and are available 
commercially. 
 
The pulse duration from passively mode-locked lasers is determined by the interplay 
of the characteristics of the saturable absorber and the parameters of the laser cavity, 
e.g. dispersion and gain dynamics. Passive mode-locking has been used with different 

fiber systems operating in a broad wavelength range, e.g. 900-nm, 980-nm, 1-µm and 

1.55-µm [19–22]. [19], [20], [21], [22]. 
 
Although passively mode-locked lasers usually produce shorter pulses than do 
actively driven systems, they may suffer from instabilities (amplitude fluctuation and 
timing jitter). Another harmful effect evolving in passively mode-locked systems is 
the fact that the saturable absorber reduces the damping of the relaxation oscillations. 
If this damping reduction effect is strong enough, then the relaxation oscillations 
become undamped and the pulse energy undergoes large oscillations. Such large 
oscillations represent the Q-switched mode locking (QML) (Figure 2.8). The QML 
may damage the SESAM. The QML regime is used in applications required very high 
peak intensity. However, the pulses in this regime typically suffer from poor 
amplitude stability. 
 

2.3.1 Mode-locking with a saturable absorber 

A saturable absorber is an optical material or setup that ensures (or imitates) an 
absorption, which is reduced with optical intensity. This phenomenon can occur in 
different media, e.g. dyes, glasses, crystals doped with ions and semiconductors. 
 
The most important properties of saturable absorbers are:  

- modulation depth is the maximum absorption variation with light 
intensity, 

- unsaturable losses is the fraction of the losses which can not be 
saturated, 
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- recovery time is the decay time of the low-loss state after bleaching by 
the pulse, 

- saturation intensity is the optical intensity (power per unit area) it takes 
in a steady state to reduce the absorption to one half its unbleached 
value, 

- damage threshold. 
 
A pictorial schematic that describes the principle of pulse shortening provided by a 
saturable absorber is presented on Figure 2.9. 

 
Figure 2.9 – A time-domain graphic representation of the effect of a saturable absorber on pulse 

shaping. 

The top left corner of the Figure 2.9 displays a typical transmission curve of an 
absorber, which shows that transmission increases as the power of the incident pulse 
increases. After an incident pulse is coupled to the absorber, it is clear that upon the 
transmission through the absorber, the low-intensity tails (wings) of the output pulse 
are attenuated, while the high-intensity center part of the pulse is transmitted without 
significant loss. As a result, the transmitted pulse has a reduced duration. 
 
When such an absorbing element is used within a laser cavity, it promotes the pulse 
operation with increased peak power and suppresses the lower-intensity CW light. 
Because the laser tends to operate with minimum cavity loss per round-trip, the 
longitudinal modes of the lasers become phase-locked, corresponding in time domain 
to high intensity short optical pulses. 
 
The pulse shaping process in mode-locked lasers can be described by the equation 
derived by Haus [23]:  

2 2
2

2 2 2

g

4g
( , ) g ( , ) ( , ) ( , )RT A T t l iD i A T t q T t A T t

T t t

 ∂ ∂ ∂= − + + + + 
∂ ∂ ∂∆  

δ
ω

,            (2.14) 
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where ( , )A T t is a slowly-varying pulse envelope considered at two time scales, T is of 

the order of the cavity round-trip time, and t is of the order of the pulse duration. TR is 
the cavity round-trip time, g is the saturated gain and l is the loss per cavity round-
trip. The third term on the right side of expression (2.14) represents a contribution 

from a finite gain bandwidth with total homogenous bandwidth ∆ωg. D represents the 

contribution from the GVD, and the term δ represents the self-phase modulation, 

(SPM). Finally, the term ( , )q T t  represents the contribution from the saturable 

absorber. This procedure assumes that the gain and the dispersion are uniformly 
distributed in the cavity and that the pulse shaping (perturbation) per round-trip is 
small. 
 
Expression (2.14) is usually studied for three different models of passive mode-
locking, represented on Figure 2.10:  

(a) a fast saturable absorber,  
(b) a slow saturable absorber and gain saturation, and  
(c) a slow saturable absorber in the presence of negative dispersion and 

nonlinearity. 

 

 
Figure 2.10 – Three models of passive mode-locking: a) fast saturable absorber, b) slow saturable 

absorber and c) slow saturable absorber and shaping assisted by anomalous dispersion and nonlinearity. 

It can be shown that with a fast saturable absorber (model (a)), which responds to the 
instantaneous intensity changes, and neglecting dispersion and nonlinear effects, the 
solution for equation (2.14) takes the form of 

 0 0( ) sech( / )A t A t τ= , (2.15) 

where τ is given by 

 
,2

2 2

0 0 g

8g Ssat eff AI

q A
τ

ω
=

∆
, (2.16) 

Here q0 represents the saturable absorption, Isat is the saturation intensity and Seff ,A is 
the effective area of the saturable absorber. 
 
For a slow absorber (model (b)), the saturation should be described through the 
expression 
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= − 
 
∫ , (2.17) 

where EA is the saturation energy of the absorber and qi represents the losses of the 
absorber before the pulse arrives. The gain is assumed to saturate in the same manner 
as an absorber. Therefore, 

 
2

g

0

g( , ) g exp ( , )
t

iT t A T t E dt
 

= − 
 
∫ , (2.18) 

where gi is the (unsaturated) gain before the pulse enters the gain medium, and Eg is 
the gain saturation energy. Assuming that the bandwidth of the gain medium (g(T, t) 

is now time dependent!) can be represented by a filter of fixed bandwidth ∆ωf, the 

solution takes a form similar to (2.15), where the parameter τ could be found now 
from equation 
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2 24
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ω
τ

. (2.19) 

Equation (2.19) shows that even with a slow absorber, one can get short pulses 
without the help of dispersion or non-linear effects, as long as the gain is saturated 
quickly. Finally, in the third regime (model (c)) presented in Figure 2.10, dispersion 
and self-phase modulation effects are included. It can be shown that the solutions are 
of the general type 

 

(1 )

0( , ) sech

j
t

A T t A

β

τ

+
  =   

  
, (2.20) 

where β represents the chirp of the pulses. Basically, the pulses can be obtained at 
both dispersion regimes – anomalous and normal – although the anomalous regime 
enhances the pulse shortening. 

2.4 Semiconductor saturable absorber mirrors 

 
Semiconductor saturable absorber mirrors (SESAMs) have played an increasing role 
in the field of ultra-short pulse generation [24]. The SESAM uses a saturable absorber 
in a form of reflector, thus facilitating its integration into laser cavities as a cavity end 
mirror. A mode-locking technique, which relies upon the use of the nonlinear 
reflectivity of a SESAM, eliminates the need for critical cavity alignment so that the 
mirror can be designed to operate in a wide spectral range, and can have relatively 
large nonlinear reflectivity changes. Ultrashort optical pulses have been produced 
with this technique using different semiconductor structures and mirror designs. 
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Figure 2.11 – Four main types of SESAM. 

The four main categories of SESAM’s developed hitherto are illustrated in Figure 
2.11. The first structure (a), known as an antiresonant Fabry-Pérot saturable absorber 
(A-FPSA) was proposed in 1992 [25]. Here, the saturable absorber region is 
sandwiched between two highly reflective mirrors forming a Fabry-Pérot cavity. The 
length of this cavity is designed so that the device works out of resonance. A second 
class of devices (b), the anti-reflection-coated SESAM (AR-SESAM) demonstrated in 
1995, uses anti-reflecting coating to eliminate the Fabry-Pérot cavity effects [26]. The 
third category of the saturable absorbers (c), the saturable Bragg reflector (SBR), was 
first demonstrated in 1995 [27]. In these devices the saturable absorber is integrated 
within the last quarter-wavelength pair of the distributed Bragg reflector. Finally, the 
last category of SESAM (d), a so-called dispersive saturable absorber mirror (D-
SAM), is made to operate near the resonance of SESAM microcavity [28]. D-SAM, 
first demonstrated in 1996, acts simultaneously as a saturable absorber and dispersion 
compensator. Similar to GTI discussed above, it can generate anomalous dispersion. 
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Figure 2.12 – Typical reflectivity curve of a SESAM. 

Figure 2.12 shows a typical reflectivity curve of a SESAM. The parameters of a 

SESAM, the saturation fluency Fsat, the modulation depth ∆R, and the non-saturable 

losses ∆Rns are displayed in the Figure. The nonlinear response of the SESAM can be 
modeled using the expression [29] 

 
( )1 exp

( ) 1 sat

ns

sat

F
F

R F R R
F
F

 − − 
= − − ∆  

 
 

. (2.21) 

For efficient and self-starting mode-locking, a recovery time of absorption in the 
range from few picoseconds to tens of ps depending on gain medium and laser cavity 
is desirable. The recovery time for typical compound semiconductors, in particular 
multiple-quantum-well structures, is typically about a nanosecond [30]. Therefore, 
SESAMs fabrication requires special measures to reduce the recovery time. The most 
used methods for reducing the absorption recovery time are low-temperature growth 

[31] and heavy ion irradiation [32]. Each of these techniques brings in certain 
constrains related to fabrication cost, device reliability, degradation of nonlinearity 
and increased non-saturable losses. In this work we have used ion-implantation to 
produce crystalline defects and we have exploited the non-radiative recombination 
centers always introduced by growth of GaInNAs [33, 34]. 
In terms of the modulation depth required to ensure stable, self-starting, mode-locking 
of fiber lasers, usually, a modulation of only a few percent is necessary. For solid state 
lasers this modulation has to be higher, in order to circumvent the higher losses, 
usually present in solid state cavities. 
The presence of a Fabry-Pérot cavity, in most of the SESAMs, can also be exploited 
to adjust the effective saturation fluency of the devices. This is particularly the case 
when butt-coupling is to be employed in fiber lasers, because in such devices there is 
no longer the ability to fine tune the fluency of the pulses, through focusing. 
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3 Results 
 
 
This chapter presents experimental results concerning passively mode-locked Yb-
doped fiber lasers. The results are grouped in sections describing the performance of 
SESAMs operating at 1 µm, tunable operation of the mode-locked laser, power 
scaling using a fiber power amplifier, studies related to the pulse duration, dispersion 
compensation with a GTI and, finally, pulse generation in a fiber cavity with normal 
dispersion regime. 

3.1 SESAM structure and technology 

The saturable absorber mirrors were fabricated by solid-source molecular beam 
epitaxy (MBE) and were implemented on two material systems – GaInAs and 
GaInNAs. GaInAs has been normally used for the 0.7–1.2 µm spectral range, while 
GaInNAs (dilute nitride) has recently been proposed as an alternative to InP-based 

compounds for the wavelengths above 1.3 µm. The use of GaInNAs at 1 µm was 
aimed to demonstrate that GaAs-based quantum wells can be employed in an 
extended wavelength range from 1 to 1.5 µm [35] and that dilute nitride absorbers are 
faster than GaInAs based absorbers. 
 
Figure 3.1 shows a low-intensity reflectivity spectrum of the GaInNAs SESAM. This 
component is a SBR type mirror, discussed in section 2.4, with the usable wavelength 
range ranged from 950 to 1050 nm. The dip in the centre is caused by the absorption 
of five GaInNAs quantum wells (QWs) located on top of the DBR composed of 26 
pairs of AlAs/GaAs quarter-wavelength layers. No post-growth treatments were 
applied to the structure prior to measuring the reflectivity. 
 

850 900 950 1000 1050 1100 1150
0,0

0,2

0,4

0,6

0,8

1,0

 

R
ef
le
ct
iv
it
y

Wavelength, nm  
Figure 3.1 – Reflectivity spectrum of a GaInNAs absorber. 

The nonlinear reflectivity response of this device shows a high modulation depth of 
12 % in Fig. 3.2. The modulation depth was intentionally increased since it was 
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demonstrated, that a large nonlinear response in the SESAM reflectivity improves the 
starting capability of the passive mode-locking in fiber lasers [36]. A high value of 

∆R, however, may provoke the low-frequency Q-switched instabilities. The saturation 

fluency of this device was 3 µJ/cm2. 
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Figure 3.2 – Nonlinear reflectivity of a GaInNAs absorber mirror as a function of pulse fluency. 

The “reference” absorber based on GaInAs material uses an AlAs/GaAs DBR with 25 

pairs of λ/4 layers. The active region includes two GaInAs QWs. The central 
wavelength of the DBR stop-band was shifted to the longer wavelengths compared to 
the GaInNAs absorber, as shown on Figure 3.3. The combined operation range of the 
two absorbers thus covers the entire gain bandwidth of ytterbium fiber from 977 to 
1150 nm. In order to reduce the absorption recovery time, this absorber was irradiated 
with 10-MeV Nickel ions with a dose of 1012 ions/cm2 after epitaxial growth. 
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Figure 3.3 – Reflectivity spectrum of a GaInAs absorber. 

3.2 Tunable mode-locked-laser 

The laser with a linear cavity, shown in Figure 3.4, incorporates a pair of 
1600 lines/mm diffraction gratings (DG) for dispersion compensation [Paper III]. 
Since the reflectivity of gratings is polarization dependent, the polarization controller 
(PC) was included, in order to minimize the losses in the DG. The cavity was 
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terminated by a SESAM and by a loop mirror (LM) acting also as an output coupler. 

LM has the reflectivity of ∼55–60 % in the wavelength range from 980 to 1100 nm. 

 
Figure 3.4 – Laser setup with a grating pair used for dispersion compensation and wavelength tuning. 

The Yb-doped fiber used in this experiment had a core diameter of 6.3 µm, a NA of 

0.13 and a cut-off wavelength of 920 nm. Gain fiber absorption was ∼434 dB/m at 

976 nm, while at 915 nm it was estimated to be ∼140 dB/m. This fiber was core-
pumped through a wavelength division multiplexer (WDM) by a 100 mW pump laser 
diode emitting at 915 nm. 
 
With a proper alignment, stable mode-locking was obtained with an average output 
power of 15 mW measured after the optical isolator (OI). This isolator with 3-dB loss 
was used to protect the cavity against instabilities that may arise from spurious 
reflections. 
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Figure 3.5 – Output power of the mode-locked pulses. 

With a 35 cm long Yb-doped fiber and a 915/990 nm WDM coupler, the spectrum of 
mode-locked pulses was centered at 980 nm. The pulse duration was 2.47 ps. The 
corresponding time-bandwidth product (TBP) was 0.56. The large value of TBP (1.75 
times the transform limited value) was mainly due to the pulse broadening in the fiber 
pigtailed optical isolator. This issue will be further discussed in Section 3.4. 
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Figure 3.6 – Spectrum and autocorrelation of the pulses around 980 nm. 

The wavelength tunability in this laser was performed using two setups. First, a coarse 
wavelength range selection was made by tilting the second diffraction grating of the 
compensator pair. This tilting allowed for wavelength-selective feedback to be 
achieved from an angularly dispersed radiation, as shown in Figure 3.7 (a). A fine 
tuning was accomplished by lateral shifting of the objective used to focus the light 
onto the absorber, as shown in Figure 3.7 (b). The fine tuning was precisely controlled 
by a micro-positioning stage translating the focusing objective. 

 
Figure 3.7 – The two tuning methods. 

Combining these two methods, tuning of the mode-locked pulses from 977 to 
1020 nm was demonstrated, as shown in Figure 3.8. The intensity of the spectra was 
normalized, although optical power was approximately the same in the entire 
wavelength range. 
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Figure 3.8 – Examples of pulses in the 980 to 1020 nm tuning range. 

For fibers longer than 40 cm, the laser tended to operate at ~1030 nm since 980 nm 
radiation is efficiently reabsorbed in the ytterbium fiber. It should be noted that unlike 
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cladding pumped Yb-doped fiber lasers operating at 980 nm, where unwanted gain at 
1040 nm causes significant problems [4], in core-pumped lasers 980 nm lasing can be 
achieved relatively easy as long as pump power is high enough to create population 
inversion at far (from the pumping source) end of the doped fiber. Therefore, to 
achieve a long-wavelength operation, the length of the doped fiber was then increased 
to 50 cm. To avoid cavity loss at longer wavelengths due to signal leakage through a 
WDM, the latter was replaced with a 915/1050 nm WDM optimized for operation at 
1.05 µm. Because the DBR used in GaInNAs absorber limits the tuning to the longer 
wavelength to 1040 nm, as seen from Figure 3.1, the DBR mirror was replaced with 
the GaInAs device described above. 
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Figure 3.9 – Full tuning range of the laser 

Figure 3.9 illustrates three tuning bands, which have a large combined bandwidth 
from 977 to 1115 nm. The laser with tuning in the 1070–1117 nm band uses the 
length of doped fiber of 180 cm and a 915/1090 nm WDM together with GaInAs 
absorber. 

3.3 Power scaling 

To increase the pulse energy, a MOPA setup was implemented using a double clad 
fiber power amplifier provided by Fianium Ltd. The gain section of the amplifier was 
composed of Yb double-clad fiber that uses end-coupling technique with the broad-
area 915 nm laser diodes. The scheme used to amplify the pulses is presented on 
Figure 3.10. Before the amplifier, a 5%-tap coupler and a 915/990 nm WDM were 
added. These ensure master laser control and provided laser protection against back-
scattered emission from the high-power amplifier. 
 

 
Figure 3.10 – Amplifier setup. 
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The pump module combined the output of four laser diodes and was able to produce 
up to 4 W of power at 915 nm. The double-clad gain fiber with a length of 50 cm had 

a pump-cladding diameter of 50 µm. Figure 3.11 shows two spectra of the amplifier 
output, one without the input signal and another with the input signal launched from 
the master laser. Fig. 3.11 confirms an efficient gain saturation of the amplifier. 
Therefore, reasonable energy extraction is expected with our master oscillator served 
as a seed source for the power amplifier. 
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Figure 3.11 – Output spectra of the amplifier with and without an input signal from the master 

oscillator. 

The laser used in this experiment incorporates 50-cm-long Yb-doped fiber and the 
GaInAs absorber. The laser operating wavelength could be tuned to the peak of the 
amplified spontaneous emission (ASE) of the amplifier corresponding to the gain 
spectral maximum, as seen from Figure 3.11. With 15 mW of laser power, the 

amplifier was able to produce pulses with ∼700 mW of average power at pump power 
of 3.5 W. Figure 3.12 shows no saturation in the output power. Higher output powers 
would be possible with appropriate pump sources and proper cooling, possibly water 
cooling system. 
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Figure 3.12 – Output power after amplification. 

The pulse duration from the master laser was 3 ps. No significant temporal 
degradation was observed after a short-length fiber power amplifier. The repetition 
rate corresponding to the cavity roundtrip time was about 33 MHz that resulted in the 
pulse energy of 23 nJ and a peak power of 6 kW. 
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3.4 Optimization of the pulse duration 

The master source used in our power scaling experiments was further optimized to 
achieve ultrashort pulses. First, we have studied the spectral dependence of the pulse 
duration for different values of dispersion created by the grating compensator. The 
results of these measurements are presented in Figure 3.13. For a specific 
compensator parameter and doped fiber length, the pulse duration increased linearly 
with the wavelength, as seen in Fig 3.13. 
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Figure 3.13 – Pulse duration as function of wavelength and dispersion. 

The increase of the pulse duration can be explained assuming that the grating pair 
over-compensated the dispersion introduced by the fiber. With the increase of the 
wavelength, the dispersion generated by the grating pair increases too, leading to the 
increase of overall (anomalous) dispersion of the laser cavity and, hence, resulting in 
longer pulses. 
 
This explanation could be further supported by measuring the pulse duration for 
different grating separations. Figure 3.14 displays pulse duration versus pump power 
as the grating separation as a parameter. The laser wavelength was fixed at 1040 nm. 
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Figure 3.14 – Pulse duration versus pump power for different dispersions of the grating-pair 

compensator. 

We can see that the pulse duration decreases with the decrease of the grating 
separation and, hence, the decrease of the anomalous dispersion of the laser cavity. 
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Finally, the external pulse compression at the output of the laser was studied, using an 
additional grating pair. Figure 3.15 shows a plot of the pulse duration as a function of 
the gratings’ separation in the external compressor. 
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Figure 3.15 – Pulse duration as function of the gratings separation. 

It should be mentioned that the results presented in Figure 3.15 were corrected for the 
pulse broadening introduced by the pigtails of an optical isolator located at the output 
of the laser. Conversion was performed by adding the fibers with different lengths 
consecutively to the output of the laser, and then the duration of the pulse before the 
optical isolator was found by the extrapolation to the zero-length fiber (this point is 
show as a hollow square for the 0 cm grating separation). The minimum pulse 
duration thus obtained was 340 fs corresponding to a TBP of 0.57. It should be 
mentioned that if the pulse width is not corrected, then the minimum pulse width 
obtained, after the grating pair, was just under 1 ps. 

3.5 Dispersion compensation with GTI 

The demonstration of a GTI as a dispersion compensator in a fiber laser was the next 
challenge. In order to minimize the dispersion of the fiber section of the cavity, a fiber 
with an extremely high concentration of Yb-ions was used. These fibers were 
developed by Liekki, and despite their high doping level, the fibers do not suffer 
significantly from the presence of ion clusters owing to Liekki’s direct nanoparticle 
deposition technique [37], [38]. 
 
The numerical aperture of the fiber is 0.22 and the cut-off wavelength was 910 nm. 
The fiber absorption at 976 nm was over 1900 dB/m and at 915 nm the absorption 
was estimated to be of 500 dB/m. These values allow for reduction of the fiber length 
used in a laser cavity down to a few centimeters. 
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Figure 3.16 – Laser setup using a GTI compressor. 

The setup that was used to demonstrate the dispersion compensation with a GTI is 
shown in Figure 3.16 [Paper IV]. The linear cavity was terminated on one end by the 
GaInNAs absorber described above, and by the GTI on the other end. A 10 % output 
coupler was introduced in the cavity to facilitate the extraction of the laser signal. The 
length of Yb-doped fiber used as a gain medium was only 2.5 cm. The total length of 
the fiber in the laser cavity including the passive components (WDM and an output 
coupler) was 74 cm giving the total normal dispersion of +0.04 ps2. 
 
The dielectric GTI was built using an electron-beam evaporator and consisted of a 
bottom DBR with 10 pairs of alternate layers of TiO2 / SiO2, a buffer layer with 

0.7 µm of SiO2 and a top mirror with 4.5 pairs of TiO2 / SiO2. The length of the cavity 
was designed so that the cavity resonance was positioned in the 1020–1030 nm range. 
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Figure 3.17 – Measured reflectivity and calculated dispersion of the dielectric GTI. 

The reflectivity spectrum of the GTI sample, shown in Figure 3.17, has the cavity 
resonance at 1026 nm. The calculated dispersion, shown with a dashed line, indicates 
that this reflector is able to introduce up to –0.20 ps2 of anomalous dispersion at 
particular wavelength. It should be noted that to generate such a high value of 
anomalous dispersion, the device needs to be operated at the resonance. Although, the 
experimental sample used in this study has a loss of 9 % near the resonant 
wavelength, this loss could be avoided with the improvements in the material quality 
and evaporation technique. 
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Without optical filtering used in the laser cavity, the operation wavelength of this 
fiber laser is determined by the interplay between few effects: the dispersion of the 
GTI reflector and the reflectivities of the GTI and SESAM.  
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Figure 3.18 – Spectra of the pulses with an ordinary high-reflective mirror and with the GTI. 

Figure 3.18 shows the laser spectra with and without dispersion compensation 
performed using the GTI. With the GTI placed into the cavity, the SESAM-supported 
mode-locked operation self-starts at 1023 nm. At this wavelength, the GTI generates 

an anomalous dispersion of –0.05 ps2 and introduces a loss of ∼1 %. Pulse operation 
at the longer wavelength of 1025 nm with a larger anomalous dispersion could not be 
achieved because of higher loss that prevented reliable pulse operation. The low value 
of anomalous dispersion induced by the GTI was, however, sufficient to compensate 
the dispersion in the cavity with the short length of the fiber. The estimation shows 
that the laser was operating in the anomalous dispersion regime. 
 
When the GTI was replaced with a high-reflective mirror, mode-locked operation 
could still be achieved due to the action of the high-modulation depth SESAM, as 
discussed above. However, the pulse width increased significantly and the bandwidth 
of the optical spectrum decreased accordingly, as seen from Figure 3.18. The central 
pulse wavelength was shifted to longer wavelengths closer to the gain maximum of 
the ytterbium fiber. 
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Figure 3.19 – Pulse duration with one mirror and with the GTI. 
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The GTI resulted in a dramatic pulse shortening, as illustrated in Figure 3.19. The 
pulse compression by a factor of 10 was achieved owing to the dispersion 
compensation induced by the GTI. 

3.6 Stretched-pulse laser 

Finally, the generation of mode-locked pulses in a cavity without any dispersion 
compensation was explored. To decrease the cavity length, and therefore, the total 
fiber dispersion further, an active fiber was placed in a loop mirror served as a cavity 
mirror, as shown in Figure 3.20 [Paper VI]. The other mirror was formed by the 
GaInNAs absorber described above. 

 
Figure 3.20 – Stretched pulse fiber laser. 

The coupler (A) had a wavelength-dependent splitting ratio. The coupler ensured the 
operation of the loop mirror with reflectivity of 80 % at 1020 nm. At the pump 
wavelength of 915 nm, the coupler acted as a symmetrical beam splitter. This allows 
to pump the gain fiber located in the loop uniformly thus providing nearly constant 
inversion along entire piece of highly-doped fiber. The Yb fiber was identical to the 
fiber used in Section 3.5. 
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Figure 3.21 – Spectra of the pulses obtained by using 2.1 cm (left), 3.4 cm (middle) and 4.1 cm (right) 

of ytterbium doped fiber. 

Figure 3.21 shows the spectra obtained with three different lengths of doped fiber. As 
can be seen, the length of an active fiber determines the wavelength of the pulses. 
This feature is due to the strong re-absorption of the radiation in the long fiber, which 
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is then re-emitted at longer wavelengths. The re-absorption obviously increases with 
the length of the ytterbium doped fiber. 
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Figure 3.22 – Autocorrelation traces of the pulses obtained with 2.1 and 4.1 cm of Yb-doped fiber. 

The autocorrelation traces for passive mode-locked operation with the length of active 
fiber of 2.1 and 4.1 cm are shown in Figure 3.22. Because of the stretched-pulse 
regime, the pulse shapes could be fitted with neither Gaussian nor sech2 functions. 
Figure shows the FWHM of the autocorrelation traces. 
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4 Conclusions 
 
The main scope of this thesis is a comprehensive study of the SESAM technology for 

the passive mode-locking of Yb-doped fiber lasers operating at 1 µm wavelength 
range. The results obtained in the research include the utilization of GaInNAs 
composition as a fast saturable absorber material for ytterbium systems, the use of 
Gires–Tournois interferometers for dispersion compensation in a short-length fiber 
cavity, the demonstration of a tunable mode-locked laser with the tuning range over 
140 nm, and a study of stretched-pulse lasers with large normal cavity dispersion. 
 
The results demonstrate that using semiconductor saturable absorber mirrors makes it 
possible to reliably mode-lock fiber lasers with different values of cavity dispersion in 
a broad spectrum ranged from 900 to 1100 nm. We have discussed basic properties, 
technical challenges and methods to achieve high average and peak powers from all-
fiber devices. We have also presented results on the development of compact 
picosecond laser sources capable of delivering pulses with energy of 23 nJ at the 
repetition rate of 30 MHz. 
 
We believe that further progress in the ultrafast fiber systems is expected, following 
the advances in the fiber technology. Improving the output power through the 
optimization of the doped fiber, using photonic crystal fibers for controlling the 
nonlinear effects and for dispersion compensation would result in high-power and 
compact all-fiber ultrafast systems of high commercial value. 
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