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ABSTRACT

This thesis is concerned with development and demonstration of new techniques for
mode-locked fiber lasers using semiconductor saturable absorbers and advanced dis-
persion compensators.

Semiconductor saturable absorber mirrors have been widely used for controlling a
large variety of mode-locked lasers since the beginning of 1990s. Several absorber
designs have been proposed during these years aiming at optimizing the dynamic
properties to achieve reliable start-up and to sustain mode-locking in different types
of lasers. In this thesis I present two approaches for semiconductor absorbers — a
reverse-biased saturable absorber reflector and a saturable absorber used in transmis-
sion. While the first, mirror-type absorber was suitable for linear cavity fiber lasers,
the transmission-type absorber was conveniently implemented in a ring cavity. The
performance of the absorbers in starting the pulse operation and in shaping ultra-short
pulses was tested in Er- and Yb-fiber lasers, respectively.

Traditionally, the dispersion has been tackled by inserting prisms and diffraction grat-
ings in the laser cavity. However, finding alternatives to these conventional bulk op-
tical components has been of substantial interest in fiber systems. In this thesis I
consider two very dissimilar solutions for dispersion management in fiber lasers. A
semiconductor Gires-Tournois interferometer can be used to generate a tunable delay
within a limited optical bandwidth. The saturable absorption in this structure pro-
vides means for controlling the dispersion of the device. Secondly, a method based
on solid-core photonic bandgap fibers offers an all-fiber solution. The high anoma-
lous dispersion of this new class of optical fibers can compensate for the normal
dispersion of other cavity components at 1 yum wavelength range. This unique prop-
erty makes these fibers attractive candidates when looking for methods to produce
ultra-short laser pulses at this spectral range.
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1. INTRODUCTION

The ever-increasing demand for high-capacity data transfer has been — and still is —
one of the main driving forces behind the optoelectronics research. The efficient gen-
eration of short laser pulses is the key enabling technology in optical communication
systems. Typically, this is done by directly modulating semiconductor lasers or using
specific optical modulators. However, the shortest possible pulses are generated us-
ing mode-locking technique. High-speed transmission over thousands of kilometers
has been demonstrated using soliton pulses [1]. In future, a mode-locked laser could,
for example, replace multiple continuous wave (cw) lasers as the source for a very
densily wavelength-division multiplexed system, thus allowing for extremely high
bandwidth transmission. Despite the importance and the fast progress of the optical
communication techniques, the main use for mode-locked lasers is still in the fields
of science and material technology.

Mode-locked lasers have several interesting applications in bio-detection and imag-
ing. These include two-photon microscopy [2], Raman spectroscopy [3], optical co-
herence tomography [4], and terahertz imaging [5]. Measurements of absolute optical
frequencies in optical clocks and high precision optical metrology [6, 7] have gained
lots of attention recently. The Nobel Prize in physics was awarded to John Hall and
Theodor Hinsch in 2005 for achievements in this area.

While ultrashort pulse mode-locked lasers are still mainly used in laboratories for sci-
entific research, they are gaining more and more commercial interest. High-precision
material processing is an increasingly important field exploiting these lasers. Cur-
rent systems are useful for marking, micromachining, and soldering applications [8].
With power levels scaled up to several watts, such systems become applicable to in-
dustrial welding and cutting applications. In medicine, ultrashort pulses can be used
in eye and dental surgery [9, 10], cell and tissue cutting or welding [11], and even in
nano-scale dissection of subcellular organelles [12].

Fiber lasers are available in a spectral range from UV to near-infrared with aver-
age powers ranging from few mW to several kW. With these parameters, they are
expected to become attractive alternatives to a number of other types of lasers. In
comparison with conventional gas lasers (e.g. Argon-laser) and solid-state lasers
(e.g. Nd:YAG), the advantages of fiber lasers lie in their ruggedness (especially in
all-fiber construction), low power consumption, high gain bandwidth and flexibility
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in pumping wavelengths. In addition, fiber lasers have no critical issues with cooling
of the gain medium and are also potentially cheaper than the bulk crystal solid-state
lasers in high volume production due to fewer mechanical components. However,
when it comes to producing ultrashort high-energy pulses needed in many existing
and emerging applications, fiber sources still lack behind their bulk crystalline com-
petitors. In particular, Ti:Sapphire laser systems can deliver a few femtosecond long
pulses with mJ-level energy and peak power of several TW [13] — something not
conceivable in current fiber systems.

Large group delay dispersion (GDD) and relatively high nonlinearities are the main
obstacles to sub-picosecond pulse generation from fiber lasers. Typically, the disper-
sion has been tackled by inserting dispersive dielectric mirrors, prisms or diffraction
gratings in the laser cavity. However, finding alternatives to these conventional bulk
optical components has been of continuous interest. While many solutions have been
proposed, the problem still remains, especially in case of fiber lasers operating with
A<1.3 um, i.e., in the normal dispersion region of optical fiber. No practical all-fiber
solutions have been available until recently.

Photonic crystal technology has been one of the most promising fields of optics
research over the past few years. Several unforeseen optical properties have been
demonstrated based on the inherently large design flexibility of the photonic crystal
fibers (PCFs) [14]. These include endlessly single-moded guiding [15], extremely
high or low nonlinearity [16, 17], and anomalous dispersion in the short-wavelength
region [18]. Among the possible applications, efficient supercontinuum generation
[19] and dispersion management [20] using PCFs are two convincing examples of
the usefulness of the technique.

1.1 Objective and scope of research

The purpose of my research work is to improve the general understanding and to ex-
plore new methods for ultra-short pulse generation in fiber lasers. In particular, the
research aims at the development of practical techniques for mode-locking and op-
tical pulse shaping by using semiconductor saturable absorbers and novel dispersion
management methods.

The work presented in this Thesis concentrates on fiber lasers that use either an
erbium- or an ytterbium-doped fiber as the gain medium. Therefore, certain results
may not be applicable directly to other types of laser sources as such. Some of the
results are more general and should be useful in other fields of photonics and laser
technology. These perspectives will be discussed in the following chapters.

The studies of pulse shaping concentrate on the effects of chromatic dispersion in the
laser cavity. Although the nonlinear phenomena in optical fibers are also important,
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these effects are dealt very briefly here. In this matter, the reader is referred to [21].

The experiments reported here are characteristically proof-of-concept by their nature.
This work is important in testing new ideas but leaves room for technical improve-
ments. The author’s humble wish is that these results will help others avoid at least
some pitfalls along the way to a brighter future.

1.2 Main results

The main achievements of each included journal article are summarized here.
[P1] Semiconductor mirror for dynamic dispersion compensation

In this paper we report on group delay tuning in a semiconductor Gires-Tournois
interferometer (GTI). The effect of optical pumping on the phase evolution in a non-
linearly behaving GTI mirror is demonstrated for the first time. The analytical model
supports the observations. This concept may find applications in adaptive dispersion
compensation. The intensity dependence of group delay in resonant structures is im-
portant also when dispersive saturable absorber mirrors (D-SAMs) or optical delay
lines for slow light applications are considered.

[P2] Self-starting mode-locked fiber laser using biased semiconductor absorber mir-
ror

In this paper we describe a reverse-biased saturable absorber mirror for mode-locking
an erbium-doped fiber laser. This device, implemented in a fiber laser cavity for
the first time, is shown to offer a practical way to control the mode-locking start-up
capability and the pulse duration. It can also be used to suppress the Q-switching
instability in a fiber laser.

[P3] Fiber laser mode-locked with a semiconductor saturable absorber etalon oper-
ating in transmission

In this study a semiconductor saturable absorber etalon is used for mode-locking
a ring-cavity ytterbium fiber laser. The novelty of the approach is to exploit the
resonant structure to enhance the modulation depth while simultaneously taking ad-
vantage of the low-loss transmission state. The device ensures a robust self-starting
mode-locking mechanism, which is also highly tolerant to the total cavity dispersion.

[P4] All-fiber ytterbium soliton mode-locked laser with dispersion control by solid-
core photonic bandgap fiber

In recent theoretical studies, photonic bandgap fibers (PBGFs) have been considered
as one of the most promising candidates for dispersion compensation. In this paper
we report on the first experimental realization of an ytterbium fiber laser using a
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solid-core photonic bandgap fiber for dispersion compensation. The benefits and the
challenges of the technique are discussed as well.

[P5] Femtosecond soliton mode-locked laser based on ytterbium-doped photonic band-
gap fiber

As a further development to the study reported in [P4], we demonstrated a mode-
locked laser using a solid-core ytterbium-doped photonic bandgap fiber. Again, this
is the first demonstration of using such a fiber that provides both the gain and the
anomalous dispersion needed for a compact sub-picosecond soliton laser at 1 um
wavelength regime.

1.3 Thesis outline

This Thesis is organized as follows. Chapter 2 gives a short review of the mode-
locking theory, concentrating on passive mode-locking using semiconductor saturable
absorbers. Chapter 3 deals with the theory of ultra-short pulse formation in fiber
lasers. In particular, the influence of intracavity dispersion on pulse shaping is dis-
cussed.

Chapters 4 and 5 sum up my research results regarding semiconductor saturable ab-
sorbers and dispersion compensation techniques, respectively. In this disquisition, I
also present some unpublished material about the experiments and cover the details
of the theory behind them.

The final conclusions are presented in Chapter 6.



2. MODE-LOCKED FIBER LASERS

The theory of mode-locking has been described in great detail in several articles and
books [22, 23, 24]. Therefore, the purpose of this chapter is to present only the basic
principles of the technique with emphasis on fiber lasers. The theoretical background
is discussed briefly, and the most common methods used for mode-locking are pre-
sented in Section 2.1. From these methods, semiconductor-based saturable absorbers
are used in all fiber lasers studied in this thesis. For this reason, these devices are
discussed extensively in Section 2.2.

2.1 Basic principles of mode-locking

A standing-wave resonator supports modes that satisfy the condition that an integer
number of half-wavelengths are contained between the cavity mirrors. Similarly, a
ring-cavity (i.e. travelling-wave) resonator supports modes with an integer number
of full-wavelengths. These modes usually oscillate with random phases and irregular
amplitudes leading effectively to continuous-wave operation. In a mode-locked laser,
a fixed phase relationship is established amongst these longitudinal modes allowing
for their constructive interference and leading to the generation of ultrashort optical
pulses.

To obtain the shortest pulses, the largest possible number of modes should be locked
together. As the number of modes with fixed phase relationship increases, two effects
take place: the pulse becomes shorter and the amplitude of the pulse increases. At
the steady-state condition a discreate pulse circulates in the laser cavity with a high
peak power and ultrashort duration. A large spectral bandwidth of the laser gain
medium is needed for supporting the large number of modes and, consequently, short
pulse formation. The cavity dispersion over the pulse bandwidth has to be managed
carefully to achieve sufficient pulse shortening. The different shaping mechanisms of
ultrashort pulses will be discussed in more detail in Chapter 3.

An alternative way to understand the build-up of modelocking is to consider the loss
evolution in a laser cavity. Since a laser always operates in a regime with minimum
losses, one should design the laser cavity with low-loss state corresponding to the
ultrashort pulses formation. In practise, mode-locked operation can be reached by
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the use of different kinds of active or passive modulation elements inside the laser
cavity.

Active mode-locking is obtained using an electrically driven amplitude or phase mod-
ulator, typically an electro-optic Mach-Zehnder modulator or a semiconductor elec-
troabsorption modulator. When the modulation is synchronized with the cavity round-
trip frequency, only the modes with the desired phase remain in the cavity. Driving
the modulator at a multiple of the fundamental frequency can generate higher rep-
etition rates up to several gigahertzes [25, 26]. This operation regime, referred to
as harmonic mode-locking, is typical for long cavity fiber lasers that have sufficient
pump power to support many pulses in the cavity.

An important advantage of active mode-locking is that the output pulse train matches
to an external electrical signal. This is particularly important in telecommunication
where the transmitted data and a clock signal need to be synchronized. On the down-
side, ultrashort pulses with duration shorter than a few picoseconds are difficult to
achieve using active methods.

Passive mode-locking is accomplished by inserting a saturable absorbing medium
into the laser cavity. Different semiconductor materials in the forms of quantum
wells or quantum dots are particularly suited for this purpose [27, 28]. More re-
cently, carbon nanotube mode-lockers have been introduced for lasers using both
erbium [29] and ytterbium [30] fiber as the gain medium. Other methods based on
fast artificial saturable absorption include Kerr-lens mode-locking [31, 32], addi-
tive pulse mode-locking (APM) [33], nonlinear polarization evolution (NPE) [34],
and self-phase modulation (SPM) in loop mirrors [35]. Out of all these possible ap-
proaches, semiconductor saturable absorbers and NPE are the most widely adopted
for mode-locking fiber lasers.

Generally, a saturable absorber has a higher transmission for an intense pulse than for
low-intensity cw radiation. The loss is reduced for pulsed operation, so the laser tends
to operate in a mode-locked regime. The peak of a pulse becomes less attenuated
than the low-intensity edges leading to effective shortening of the pulse duration with
every pass through the absorber. Eventually, the cavity-induced pulse broadening
balances the pulse narrowing effect, and a steady-state pulsed operation is reached.
In general, passively mode-locked lasers can produce shorter pulses than actively
driven systems.

One of the great advantages of mode-locking based on saturable absorption is that
pulsed operation is self-starting for properly designed laser cavities. The technique is
regarded as self-starting when no external trigger is needed to begin the mode-locked
operation. This is often not the case in other mode-locking schemes, where start-up
is achieved e.g. by using a separate amplitude modulator or by vibrating one of the
cavity mirrors.
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Passively mode-locked systems may suffer from instabilities in pulse amplitude and
timing, which limit their usability in telecommunication applications requiring long-
term stability and low timing jitter. Reduced damping of relaxation oscillations may
also lead to very large periodic variations in pulse energy known as Q-switched mode-
locking. Q-switched ML can be utilized in applications requiring very high pulse
peak intensities. In many cases, however, it is the most probable damage mechanism
of the saturable absorber.

2.2 Semiconductor saturable absorbers

The sophisticated semiconductor growth techniques, molecular beam epitaxy (MBE)
in particular, have enabled the development of highly controlled saturable absorbers.
Devices that combine the absorption effects in quantum wells (QWs) with the high
reflectivity semiconductor distributed Bragg reflector (DBR) mirrors were initially
demonstrated by Tsuda et. al. [36] with further developments being made by Keller
et. al. [27]. These mode-locking elements are known as saturable Bragg reflectors
(SBRs) or semiconductor saturable absorber mirrors (SESAMs). They can be con-
veniently integrated into different laser cavities as a cavity end mirror. Similar struc-
tures can be used in transmission, for example in a form of an absorbing transmission
etalon (ATE) that I have used in [P3]. Transmission absorbers are naturally employed
in ring-cavity lasers. The general structure of both a reflecting and a transmitting type
semiconductor saturable absorber are shown schematically in Fig. 2.1. Typically, the
absorbing QW region is monolithically integrated within a Fabry-Pérot (FP) cavity
formed by DBR mirrors and the semiconductor-air interface or a dielectric coating.

The performance of a semiconductor saturable absorber depends primarily on the
nonlinear intensity response and the absorption recovery time. Other important pa-
rameters are the operation wavelength and the spectral bandwidth, which ultimately
set the limit to the shortening of the pulse duration. These parameters should be
optimized for specific laser system to be mode-locked with the saturable absorber.

Substrate Qws

: ™ peR

Substrate  'DBR AR

(a) (b)
Fig. 2.1. Schematic structures of (a) a SESAM and (b) an ATE. The laser beam is focused in
the absorbing QW layer. HR — high reflectivity coating, AR — anti-reflection coating.
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2.2.1 Nonlinear intensity response

Semiconductor material absorbs photons through band-to-band transition when the
photon energy is sufficient to excite electrons from the valence band to the conduction
band. At a high level of excitation, the absorption saturates because all ground states
are depleted while upper states of the transition are strongly populated. This gives
rise to the nonlinear intensity response characteristic to semiconductor absorbers.
The advantage of using QW layers instead of bulk semiconductor absorbers is the
precise control over the absorbed wavelength by adjusting the QW depth and width.
In addition, QW structures may have lower saturation energy and a higher nonlinear
modulation depth [37]. Increasing the number of QWs, i.e. the volume of the ab-
sorbing layer, yields higher nonlinearity, but the non-saturable losses may increase as
well [38], [RP1].

The intensity-dependent, time-averaged loss of a slowly recovering saturable ab-
sorber can be modeled theoretically using equation [39]

1 —exp(—F /Fy)

F/Fa .

gp(F) = do+qo

Here F is the incident photon fluence, Fy, is the saturation fluence, g¢ is the mod-
ulation depth, and 0y includes the non-saturable losses. Figure 2.2 shows a typical
reflectivity change as a function of the incident pulse fluence of a semiconductor sat-
urable absorber mirror. An absorber used in transmission has similar characteristics.
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Fig. 2.2. Nonlinear reflectivity of a typical resonant semiconductor saturable absorber mir-
ror.
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Depending on the FP cavity length the absorber may exhibit either resonant or an-
tiresonant behavior at the operation wavelength. Antiresonant designs provide con-
stant saturation characteristics and low dispersion over a relatively broad wavelength
range. Resonant designs, on their side, produce a higher modulation depth and lower
saturation fluence beneficial to easy self-starting and to preventing Q-switched mode-
locking [40]. The saturation and dispersion characteristics are, however, wavelength
dependent around the resonance, which may limit the pulse quality and duration.

Antiresonant absorbers are particularly suited for passively mode-locked solid-state
lasers. Fiber lasers, however, typically require a higher modulation depth for reliable
start-up of mode-locking, in particular for high value of cavity dispersion [40]. In
addition, fiber lasers can tolerate relatively high unsaturable losses, thanks to the large
gain available. For these reasons, resonant-type semiconductor saturable absorbers
are often used with fiber lasers.

In addition to be a convenient method for mode-locking different kinds of lasers,
the nonlinear response of a semiconductor MQW structure can be used for other
purposes. These include all-optical amplified spontaneous noise suppression in cas-
caded fiber amplifier systems [RP1], fast optical switching [RP10], synchronization
of mode-locked lasers [41], and wavelength conversion [42]. Moreover, the nonlinear
phase response in such a structure allows for devices like a nonlinear optical phase
shifter [43] and a tunable dispersion compensator [P1]. A closer look at the latter
application will be taken in Section 5.2.

2.2.2 Absorption recovery time

The high-speed functions of semiconductor optoelectronic devices rely on the short
transport and recovery times of carriers in the active area of the structure. For
quantum-well-based devices, the most important parameters are (1) the transport of
carriers in the barrier material surrounding the QWs followed by their capture into
the wells, and (2) the interband recombination of these carriers. The first parameter
limits the upper modulation frequency in devices such as semiconductor lasers. The
fast response time of saturable absorbers, in contrast, is mainly determined by the
recombination time of carriers.

Both long and short absorption recovery times have their advantages. In general,
slow recovery results in a reduced saturation intensity of absorption, which facili-
tates self-starting mode-locking. In fiber lasers, however, too long recovery time may
provoke a decrease in the modulation depth, thus giving a negative impact on the
mode-locking startup and stability. Fast recovering absorbers, in turn, are more ef-
fective in sub-picosecond pulse shaping. In fact, without pulse shaping by soliton
formation (see Chapter 3), an absorber with the temporal response as fast as possible
is always desirable for efficient pulse shortening [44]. In addition, fast absorbers are
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more stable against multiple-pulse break-up if the absorber is oversaturated [45]. For
a mode-locked fiber laser, the optimal value of the absorption recovery time is in the
range of a few picoseconds to 25 ps [46]. However, in a high-quality crystalline semi-
conductor, the recombination of the carriers takes much longer, typically of an order
of nanoseconds. Fortunately, there are several techniques to reduce the recovery time.

At room temperature, the absorption recovery time of III-V semiconductors depends
primarily on the non-radiative recombination rate of carriers [47, 48, 49]. The non-
radiative decay of carriers from QWs usually occurs via trap states. Thus, a certain
number of crystal defects are desired to achieve short carrier lifetimes. The tech-
niques used to introduce defects include low-temperature (LT) epitaxial growth [50],
LT-growth in conjunction with beryllium doping [51], metamorphic growth [52], and
post-growth irradiation using protons [53] or heavy-ions [54, 55]. Yet another way to
affect the absorber recovery time — without introducing crystal defects — is to apply
an electric field across the absorbing semiconductor region [P2]. The basic principles
of these techniques are introduced next.

Low-temperature growth is an efficient way to reduce the recovery time [50]. In
order to get high crystalline quality, the substrate temperature during the MBE growth
should be ~ 600°C. Growth at lower temperatures, typically from 150 to 400°C,
yields various defects in the structure. However, it usually produces a non-uniform
distribution of defects over the sample. Also the modulation depth may reduce due to
the optical transitions to the deep levels. This problem has been alleviated recently by
using Be-doping, which seems to preserve the nonlinear response from degradation
during the LT-growth [51].

Metamorphic growth forms defects and dislocations through the relaxation of the
high strain between the lattice mismatched materials. This occurs when the difference
between the lattice constants of adjacent material layers is large and the thickness of
the grown film exceeds the critical value. For example, the metamorphic growth of
InP on GaAs induces high density of dislocations near the interface. Since GaAs
and InP have remarkably different lattice constants (5.6533 A and 5.8688 A, respec-
tively), the critical thickness is small, only about 6.8 A, which is close to the thickness
of one atomic layer. These materials have been used to decrease the recovery time of
1.55 um SESAMs used in erbium-doped fiber lasers [52]. Similarly, growth of lattice
mismatched InGaP on GaAs has been used to fabricate a fast SESAM operating at
the 1 um wavelength range [56].

Post-growth irradiation using protons or heavy ions has significant advantages over
LT-growth. Once the epi-wafer has been grown, the physical properties of QWs can
be tailored by choosing the type, the energy, and the dose of implanted particle and
possible rapid thermal annealing (RTA) conditions. Proton bombardment is a rather
simple technique to use. However, the created recombination centers are mainly
point defects with low activation energies. This may lead to long-term instabilities
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and strong variations in decay times owing to annealing that may occur during the ex-
posure to high intensity radiation. Implantation using heavy ions, such as O", Au*,
Ni™, or Ne™, is technically more challenging, but it creates defects and traps inside
the heterostructure in a more reproducible manner. Ion-implantation is particularly
attractive due to the accurate control over the amount of ions and their location in the
structure. Heavy-ion-formed recombination centers have high activation energies and
are, therefore, rather stable [57], especially after proper RTA treatment [58]. The car-
rier lifetime can by shortened precisely from nanoseconds (as-grown) to picoseconds
or even femtosecond levels [54].

As mentioned above, there is yet another way to affect the absorber properties with-
out introducing defects in the structure. An external electric field applied across the
absorbing semiconductor region may reduce the recovery time. In brief, the field
sweeps the carriers out of the quantum wells partially, which effectively reduces the
level of saturation. This is realized by incorporating the QWs in the intrinsic region
of a p-i-n diode, and reverse biasing the diode. I will present a detailed description of
the carrier sweep-out process together with some experimental results in Section 4.1.






3. ULTRASHORT PULSE SHAPING MECHANISMS

Important for setting up the passive mode-locked operation, the saturable absorber
has a limited effect on the steady-state pulse duration. In fact, in certain laser types
(e.g. soliton mode-locked lasers) the absorber may only start-up and stabilize the
pulsed operation, while other mechanisms are dominant for pulse shaping. The aim
of this chapter is to provide an overview of these effects.

3.1 Nonlinear Ginzburg-Landau equation

The performance of any mode-locked laser — a fiber laser in particular — is largely
determined by the overall dispersion and the optical Kerr nonlinearity present in the
laser cavity. In addition, the finite gain bandwidth and the gain saturation contribute
to the laser dynamics. For ultrashort-pulse generation, these mechanisms act together
with pulse shaping by the saturable absorber described in the previous chapter.

Traditionally, the Haus master equation [59] has been used to analytically study the
dynamics of mode-locking. However, in case of passively mode-locked fiber lasers, a
more comprehensive pulse propagation model is often needed in order to get reliable
results without over-simplifying assumptions. The nonlinear Ginzburg-Landau equa-
tion [60] describes the propagation of ultrashort pulses in single-mode fibers. Itis also
known as the generalized (or extended) nonlinear Schrodinger equation (NLSE), and
can be written in the form

2 3 2

aai =— 1%’? — if’;aaf + [363885 +iY|[E|’E —TE +g(2) (1 +r§§t2> E, (3.1
where E(z,t) is the slowly-varying pulse amplitude, z is the distance along the fiber, ¢
is the pulse local time, [3; is the inverse group velocity, B, is the group-velocity disper-
sion (GVD), B3 is the third order dispersion (TOD), y is the nonlinear parameter, and
[ is the linear loss. The gain g has the characteristic recovery time T, = 27tc/ (W3AL, ),
where c is the velocity of light, ®y is the carrier frequency, and AA, is the gain band-
width. The pulse amplitude is assumed to be normalized such that |E|? represents the
optical power.
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The significance of different terms in Eq. 3.1 depends on the construction of the
laser cavity. The GVD plays the most critical role in propagation of ultrashort opti-
cal pulses in single-mode fiber. The dispersion-induced pulse broadening is always
present in optical fibers, even at low intensities when the nonlinear effects are in-
significant. Therefore, special attention has to be paid to GVD management as it will
be discussed in Chapter 5. The effect of the third order dispersion term in Eq. 3.1 is
typically very small for pulses longer than 100 fs. It may set an ultimate limit to the
pulse width if the net cavity GVD is close to zero. Furthermore, exceptionally high
TOD values, for example in photonic bandgap fibers, affect the pulse formation [P4,
RP4].

The linear loss is usually small for practical lengths of standard single-mode fiber
needed in fiber lasers. It may still become an important parameter if intra-cavity bulk
optical elements such as diffracion gratings or special fibers, photonic crystal fiber
for instance, are used.

The Kerr nonlinearity is typically significant in fibers, except for the air-core PCF
and large mode area (LMA) fibers. The nonlinear parameter v is defined as

n2®o

= , (3.2)
CAeff

where n; is the nonlinear-index coefficient and A.r is the effective mode area. It
is evident that the nonlinearity becomes more predominant as the fiber core size de-
creases. This has a significant effect in small-core PCFs and in fiber tapers. The
higher order nonlinear terms, e.g. self-steepening, Raman shifting, and two photon
absorption, are typically negligible in fiber lasers and, thus, usually omitted in Eq.
3.1.

For undoped fibers the gain g = 0, whereas for doped fibers the gain saturation de-
pends on the local pulse energy &i5e (z). It is described as

1+ (g)pulse(z)/é?mf ’

8(2) (3.3)

where gg is the small-signal gain and &y, is the gain saturation energy, both deter-
mined by the pump power level.

Typically, the Eq. 3.1 is solved by the split-step Fourier method [21]. Among the so-
lutions, it is possible to distinguish three steady-state mode-locked operation regimes
that depend on the dominant pulse shaping mechanisms in the laser cavity:

(1)  soliton pulse regime determined by the balance between anomalous dispersion
and self-phase modulation resulting from Kerr nonlinearity,

(2)  stretched-pulse regime determined by dispersion-managed solitons, and



3.2. Soliton pulse regime 15

(3)  self-similar pulse regime determined by the interrelation of normal dispersion
and finite-bandwidth gain.

Next, I will describe the characteristics of each of these regimes in more detail. As it
will be seen, the classification is still somewhat debatable.

3.2 Soliton pulse regime

The interplay between self-phase modulation and group-velocity dispersion can re-
sult in an overall pulse spreading or pulse compression, depending on the magni-
tudes and signs of these two effects. When the GVD fully compensates the effect of
SPM, the pulse of certain shape can travel in a nonlinear dispersive medium without
changes, similar to the pulse propagation in an ideal linear nondispersive medium.
This is called solitary-wave propagation, and it is possible only if B, < 0 (i.e., the
medium exhibits anomalous GVD) and y > 0 (i.e., the SPM coefficient n, > 0). [61]

Equation 3.1 has so-called “true” soliton solutions in the limit in which the real parts
of the coefficients vanish. In that limit, only dispersion and nonlinearity affect the
pulse propagation, and the cubic form of the equation reduces to

0E  Brd’E . 5

which is recognized as the nonlinear Schrodinger equation [61]. The simplest solitary-

wave solution of the Eq. 3.4 is called a fundamental soliton. The fundamental soliton
pulse envelope corresponds to a hyperbolic-secant function

E(z,t) = Epsech (t_f:/vg> exp < iz > , (3.5)

0 4z0

where Ej is the peak amplitude and v, is the group velocity. The width of the ampli-
tude envelope Ty is related to the full-width at half-maximum (FWHM) pulse width
by Trwam = 1.767Tg. As it can be seen, the accumulated phase shift is constant over
time or frequency; in other words, the soliton remains unchirped during propagation.
Thus, a pulse of this shape travels in a fiber without altering its shape. It should be
noted, however, that if the the pulse amplitude changes due to the gain or losses, the
pulse width has to change accordingly such that the relation

Eoto = \/|Ba|/Y (3.6)
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is preserved. The peak amplitude is inversely proportional to 7o, and the peak power
is inversely proportional to t3. The pulse energy & se(z) = f_TRTIC ?2 |E(z,t")|?dt’ (inte-
gration over the cavity round-trip time 7g) is directly proportional to Ey, and therefore

inversely proportional to Ty. Thus, a soliton of shorter duration must carry greater en-
ergy.

Soliton-like pulses can be generated in laser cavities with net anomalous round-trip
dispersion [33, 62]. These pulses are sometimes referred to as quasi-solitons, since
the balance between the dispersion and nonlinearity is not fully preserved along the
propagation path. For instance, different fibers have substantially dissimilar disper-
sion properties. Also the pulse energy varies during a cavity round trip. Nevertheless,
the pulses may behave like solitons if the periodic deviations from the balance are not
too large during one round trip.

In soliton mode-locked lasers, the pulse duration is nearly independent of the ab-
sorber recovery time. Indeed, soliton pulses with duration much shorter than the
absorber recovery time have been demonstrated [63]. The shortest soliton pulses
extracted from fiber lasers have sub-500 fs durations [64]. Such short pulses are
obtained with small values of anomalous dispersion as depicted in Fig. 3.1(a).

The Kelly sidebands visible in the two traces corresponding to net anomalous disper-
sion in Fig. 3.1(b) are characteristic to the output spectrum of a soliton mode-locked
fiber laser [65]. The sidebands arise from the interaction between the soliton field
and the non-solitonic dispersive waves. The dispersive wave is made up of the en-
ergy periodically lost from the soliton wave due to the cavity perturbations such as
output couplers, intracavity filters, and gain/loss elements. For certain frequencies,
the two waves become phase matched, which results in the formation of narrow peaks
superimposed on the otherwise smooth soliton spectrum. The sidebands are useful in
determining the net cavity GVD [66]. Generally they are still an undesired effect that
is a signature of soliton pulse losses.

The pulse energy achievable in soliton fiber laser systems is limited to some tens
of picojoules [67]. At higher pump powers, nonlinear effects cause wave breaking
[68], which leads to multiple-pulse operation. Despite the rather small pulse ener-
gies, soliton operation is often desired because of the high pulse quality (i.e., a small
value of the time-bandwidth product as seen in Fig. 3.1(c)). It is possible to construct
soliton lasers that emit nearly transform-limited pulses directly from the cavity. Low
chirp minimizes dispersive temporal broadening, which is very desirable e.g. in op-
tical fiber communications. Efficient supercontinuum generation and frequency con-
version in periodically-poled nonlinear crystals require the use of transform-limited
pulses as well [22].
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Fig. 3.1. Simulated temporal (a) and spectral (b) profiles for pulses from cavities with various
net dispersion values. The spectra have been shifted vertically for clarity. (c) Pulse
energy and time-bandwidth product (TBP) as a function of net cavity dispersion.
The highest pulse energies are obtained with large net normal dispersion, but only
in conjunction with strong chirp (high TBP). (Courtesy of R. Herda.)
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3.3 Stretched-pulse regime

A stretched-pulse laser cavity consists of sections with normal and anomalous dis-
persion causing the chirp to change from positive to negative and back during one
round trip [69, 70]. The large periodic variations in GVD need to be taken into ac-
count when solving the Eq. 3.1. The solutions are referred to as dispersion-managed
solitons [71, 72]. The temporal shape of such pulses is close to being Gaussian rather
than the hyperbolic-secant shape of true solitons.

For stretched-pulse generation, the net round-trip GVD can have either a low anoma-
lous or normal value. For anomalous regime, in contrast to solitons, the phase modu-
lation is only partially compensated resulting in relatively large local chirp within the
cavity. With net normal dispersion, the output pulses are chirped much stronger than
with net anomalous dispersion resulting in large spectral widths that may exceed 50
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nm. Figure 3.1(b) shows the shape of the pulse spectrum in a cavity with dispersion
of 0.022 ps®. The steep spectral edges are typical characteristics of a mode-locked
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Fig. 3.2. Simulated pulse evolution within a round-trip in a stretched-pulse laser. (a) Cav-
ity consists of a SESAM, 80 cm of gain fiber (y=5.9/Wkm, gain bandwidth 20 nm),
and 80 cm of passive fiber both having normal dispersion (By=26 ps*/km) at 1 um
regime. Grating pair dispersion compensator and the output coupler are modeled
as an abrupt change in the dispersion and loss. The cavity has a low total value of
anomalous dispersion. (b-d) Evolution of the spectral and temporal pulse profiles.
The pulse is unchirped and has the minimum duration at ~60 cm from the SESAM.
The sign of the chirp is positive from this point up to the output coupler. (e) Evolu-
tion of the pulse energy and the TBP. The pulse energy at the output is high, but the
pulses are strongly chirped (TBP=:7). (Courtesy of R. Herda.)
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laser with net normal cavity GVD. Analytical evaluation of the functional form for
the normal dispersion regime indicates that the spectrum tends to a sharp top-hat
shape with increasingly large chirp parameter [73].

The shortest and cleanest pulses can be generated with low net normal GVD. In
this dispersion regime, pulses of 50-fs duration after external chirp compensation
have been demonstrated [74]. In contrast, the high-energy pulses are obtained with
increased amount of normal dispersion as can be seen in Fig. 3.1(c). At the high
degree of pulse stretching, nonlinear saturation can be avoided and the pulse energies
become significantly higher than for less stretching. The stretched pulses can also
tolerate nonlinear phase shifts an order of magnitude higher than ordinary solitons
without breaking into multiple pulses. Consequently, the pulse energy can exceed
the maximum soliton energy by the same factor [75]. Stretched-pulse lasers with
output energies from tens of picojoules to a few nanojoules have been reported [76,
77,78, 74]. However, with large net normal dispersion mode-locking is difficult to
initiate, and operation suffers from instability. To certain extent such problems can
be tolerated by simultaneous use of slow and fast saturable absorbers in the cavity
[79]. To take the full advantage of very high net normal dispersion, self-similar pulse
regime should be used (see Section 3.4).

In a stretched-pulse configuration, the pulses’ spectral and temporal widths undergo
large variations during a round-trip through the cavity. This kind of behavior is some-
times referred to as breathing” [80], and can be clearly seen in the simulation shown
in Fig. 3.2. The ultrashort pulses experience large amount of stretching in the cavity
section with positive chirp. This is desired because the highly chirped long pulses
can acquire an increased energy from the gain material [81]. After chirped pulse am-
plification, the cavity section with anomalous GVD (e.g. a grating pair) compensates
for the high positive chirp. The complete chirp compensation, and the shortest pulse,
is obtained at a certain position in the cavity defined by the laser parameters. While
it is not always convenient to place the output coupler at this position, the dechirping
can be accomplished with an external dispersive delay-line as well [69], [P3].

3.4 Self-similar pulse regime

Solitary propagation of short optical pulses in amplified dispersive medium was first
considered theoretically in 1989 [82]. The theoretical analysis of propagation of
short parabolic optical pulses in fibers with normal GVD and strong gain was pre-
sented in 1993 [83]. Several years later, it was demonstrated that pulses with linear
chirp and parabolic intensity profile can be generated in high gain amplifiers [84, 85].
Recently, this new type of pulse shaping was applied to mode-locked fiber lasers
[75, 86, 87]. The pulses generated in the regime with net normal dispersion and high
gain as the dominant shaping mechanisms are referred to as self-similar pulses, or
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similaritons [88]. Self-similar pulse is always a scaled version of itself. Due to their
shape-preserving nature, the pulses are also called gain-guided solitons [87]. As the
unestablished terminology suggests, all the pulse shaping mechanisms are not yet
fully understood. In fact, the self-similar pulse regime has recently been shown to be
embedded in a more general regime of wave-breaking free operation [89].

Self-similar pulses are asymptotic solutions to the nonlinear Schrodinger equation in
the high-intensity limit. The chirp of the pulse increases monotonically as it propa-
gates inside the fiber, thus causing an exponential increase in the temporal and spec-
tral widths. The solution cannot be stable in a system with optical feedback such
a laser cavity. Therefore, a restricting mechanism that limits the progressive pulse
broadening is needed. In practice, the pulses evolve until the available gain band-
width is filled.

The characteristic spectrum profile of self-similar pulses has a parabolic-like top and
steep edges. This results from the parabolic gain profile and net normal intra-cavity
dispersion [75]. The edge-to-edge width is determined by the gain bandwidth and
the nominal value of net dispersion. The pulses have also an approximately parabolic
temporal profile.

The pulse evolution in a self-similar oscillator differs from pulse evolution in the
other regimes. In contrast to static solitons and dispersion-managed solitons, the
self-similar pulses are positively chirped throughout the cavity round-trip. In order
to exploit the full gain bandwidth, the pulses should be extracted from the cavity at
the point corresponding to the maximum chirp. Thanks to the linear chirp, the pulses
can be dechirped to nearly transform-limited duration external to the laser cavity.
Ultrashort self-similar pulses with ~100 fs duration have been demonstrated using
this scheme [75, 90].

It was found that parabolic self-similar pulses can tolerate a strong nonlinear phase
shift without wave breaking [83]. This makes self-similar regime very attractive for
high energy applications. Recently, pulse energies above 10 nJ have been demon-
strated, thus exceeding the energy ever achieved from stretched-pulse fiber lasers
[91].

Finally, it should be noted that the transition from the stretched-pulse regime to
the self-similar regime is not abrupt. For instance, the square-shaped spectrum of
stretched pulses changes gradually to parabolic-like self-similar spectrum with an in-
crease in the net normal cavity dispersion [92, 93]. Similar transition can be seen for
fixed dispersion value when the amount of gain is increased [94, 87]. This param-
eter regime in which the pulses are always positively chirped due to purely normal
GVD inside the cavity and the gain bandwidth and saturation do not influence the
propagation much, possesses some distinct characteristics. Therefore, it is often sep-
arated from the stretched-pulse and self-similar regimes, and termed as all-normal
dispersion regime [95, 96] or dispersion compensation-free regime [40, 97]. As an
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example, the ring-cavity laser I have described in [P3] was operated in the soliton
and streched-pulse regimes as well as the all-normal dispersion regime by changing
the net cavity dispersion (see Section 4.2.2).






4. SEMICONDUCTOR SATURABLE ABSORBERS FOR
MODE-LOCKING FIBER LASERS

In this chapter I will describe two alternative semiconductor saturable absorber com-
ponents. First in Section 4.1 I present the results published in [P2], where we demon-
strated that absorbers based on a p-type—intrinsic—n-type (p-i-n) structure can be effi-
ciently used for controlling mode-locked operation in fiber lasers. Another approach,
presented in Section 4.2, deals with a semiconductor saturable absorber etalon, i.e.,
an absorber component operating in transmission instead of usually used reflection
mode. We demonstrated a mode-locked ring-cavity fiber laser using this mode-locker
in [P3].

4.1 Reverse-biased semiconductor saturable absorber mirror

The absorption recovery time is one of the key parameters that determine the start-
up and stability of mode-locking in saturable-absorber-based systems. As discussed
in section 2.2, low-temperature epitaxial growth or post-growth heavy-ion irradia-
tion are the most popular methods of reducing the recovery time of semiconductor
absorbers. Another approach is based on MQWs placed into a p-i-n structure that
allows for exploiting the reverse-voltage induced carrier sweep-out. [98, 99, 100].
These devices provide an attractive flexibility in controlling both the amount of ab-
sorption and its response time.

Reverse-biased absorbers are used in monolithic edge-emitting mode-locked semi-
conductor lasers and in electroabsorption modulators [101, 102, 103, 104, 105]. More
recently, biased saturable absorber mirrors have been used for active control of mode-
locking in the vertical cavity surface emitting lasers [106, 107] and in solid-state
lasers [108, 109]. In [P2], we demonstrated that a p-i-n-structured SESAM (pin-
SESAM) can also efficiently control the mode-locking start-up capability and the
pulse width of a fiber laser.
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4.1.1 Carrier sweep-out process

The pin-SESAM has an undoped zone of an intrinsic semiconductor separating the
p- and n-doped regions as shown in Fig. 4.1(a). Since no space charges exist in
the intrinsic zone, where the QWs are located, the bias voltage applied to the diode
will cause a constant electric field which affects the band shapes and the distribution
of photo-generated carriers. In general, the presence of an electric field in semi-
conductor leads to splitting and shift of degenerated absorption lines into several
components. This feature is known as the Stark effect. The quantum-confined Stark
effect (QCSE) [110], i.e. an electro-absorption mechanism seen in semiconductor
QW structures, further enhances the shifts in band-edge absorption by bound exci-
tons. This is due to the fact that the electric field applied perpendicular to the surface
pulls the photo-generated electrons and holes in opposite directions, but they remain
confined in the smaller bandgap QW layer.

Figure 4.1(b) shows schematically the reverse bias induced tilt in the valence and
conduction bands and the corresponding reduction in the effective height of the QW
barriers. The lower barriers combined with the influence of the QCSE lead to a sig-
nificant decrease in both the thermal and tunneling lifetimes of photocarriers. As
the result, the absorption recovery time experiences an exponential decay with in-
creasing reverse bias [99, 107]. In high purity semiconductor material (i.e., material
with low number of trap states) the carrier recombination may become negligible in
comparison to the faster tunneling and thermionic emission rates [98]. Recombina-
tion becomes more dominant only with low fields in samples with high or thick QW
barriers.

After escaping the QWs, the electrons and holes are swept to the n- and p-contacts,
respectively. The transit time across the intrinsic region depends on the layer thick-
ness and the reverse-bias. Because the carriers separate, they will locally screen the
external electric field in the region where the photocarriers are generated by the laser
pulse, as seen in Fig. 4.1(c). This in turn weakens the QCSE and decreases the ab-
sorption. After the excitation pulse has passed, the voltage recovers rapidly in time
and the initial absorption level restores.

The voltage relaxation is governed by a diffusion process and can be described with
an equation [111]

oV
= = DV.V, 4.1
where |
D=——, 4.2)
quCA

with C4 being the capacitance per unit area of the device and Ry, being the sum of
the square resistances of the n and p layers (i.e., the resistance between two opposite
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Fig. 4.1. Structure and function of the reverse biased p-i-n absorber. (a) A Gaussian laser
pulse hits the absorber, QW material absorbs the light and bound electron-hole
pairs (excitons) are generated. (b) External electric field E separates the carriers
and sweeps them out of the QWs via thermionic emission and tunneling through the
OW barriers. (c) The separated carriers screen the external field leading to an ap-
proximately Gaussian voltage distribution across the device. The local reduction in
reverse bias weakens the QCSE and, thus, decreases the absorption. After the pulse
has passed, the voltage distribution relaxes and absorption returns to the initial
level.

sides of a square of the layer). For a laser pulse having a Gaussian cross section with
1/e? intensity radius of wp, we obtain an initial reverse voltage distribution in the
form
2
V(I’,l‘ = 0) = Viias — Vi exp <2> , 4.3)
wg/2
where the applied external reverse bias Vj;,s is assumed to be constant over the struc-
ture. V), is the maximum voltage change due to the laser excitation and r is the radial
distance from the center of the beam. The voltage distribution evolves as

2

Trel r
V(r,t) = Viias — Vi S—— 44
(7‘, ) bias M (l Trel) exXp <4D(l Trel)) ) ( )
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with a characteristic time for the local voltage recovery

2
_ (o) L
Trel—<ﬁ> 4D. (45)

As can be seen, the voltage distribution relaxes faster for smaller laser spots and for
smaller C4 and Ry,.

In conclusion, the saturation dynamics of a reverse-biased absorber depend on mul-
tiple physical mechanisms. The dominant effects are the emission and separation of
charge carriers from the quantum wells followed by the diffusive relaxation of the
screening voltage distribution. As discussed in [111], by engineering the structure
appropriately, the overall absorption recovery time can be made to be picoseconds or
even shorter, thus reaching the performance available with low-temperature grown or
ion-implanted absorbers.

4.1.2 Device structure and characterization

The pin-SESAM structure is shown in Fig. 4.1(a). It was grown by solid-source
molecular beam epitaxy on an n-InP substrate. The reflector consists of 19.5 pairs of
Burstein-Moss shifted, A4 n*-Gag 47Ing 53As / n*-InP layers, fabricated as described
in [112]. The DBR reflectivity was measured to be ~98 % in the spectral range from
1.525 to 1.580 um. The absorber includes five 11.5-nm thick undoped InGaAsP
QWs separated by 20-nm InGaAsP barriers lattice matched to InP, and a 220-nm
separate confinement heterostructure with the same composition as the barriers. The
quaternary QW structure facilitates sweep-out due to the low barriers to free carriers

Reflectivity (dB)

1530 1540 1550 1560
Wavelength (nm)

Fig. 4.2. Low-intensity reflectivity of the pin-SESAM. In the experiments the fiber laser was
operated at a near-resonant wavelength of 1548 nm.
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for both the conduction band and valence band wells. The active region is sandwiched
between two InP cladding layers. The n-type cladding consists of 1.5 um InP with
n~10'® cm™3 and the p-type cladding is composed of 2 um InP with p~10'® cm™3,
An Ing 53Gag 47As cap layer with p~ 1.5- 10" cm—3 was used for the p-contact. The
structure was prepared in a single growth step. The mirror structure was completed
using standard photolithography and wet chemical etching. The optical window on
the top of the reflector has a diameter of 30 um. The p*-InGaAs contact layer was
etched away in the window area in order to avoid signal absorption outside the MQW
absorber region.

The reflection spectrum shown in Fig. 4.2 reveals the presence of a FP resonance
at 1544 nm. At the resonant wavelength the low-intensity reflectivity was ~32 %
and the maximum modulation depth was measured to be ~20 %. At a near-resonant
wavelength of 1548 nm, where the fiber laser described in the following section was
operated, the modulation depth was ~8 %.

4.1.3 Mode-locked fiber laser using a pin-SESAM

The pin-SESAM was used as one of the mirrors in a linear cavity erbium-doped fiber
laser shown schematically in Fig. 4.3. The aim was to examine the performance of
the mirror in both starting the mode-locked operation and pulse shaping. This was
achieved by minimizing the nonlinear effects and avoiding polarization-dependent
components in the cavity to prevent pulse shaping through nonlinear polarization
evolution. In order to fully avoid NPE, polarization maintaining (PM) components
should have been used. Suitable PM fibers were, however, not available in the labo-
ratory at the time of the experiment.

In the first cavity configuration the net dispersion had a normal value of +0.017 ps? at
1.55 um, which prevented soliton shaping. The fiber cavity was comprised of 2.8 m
of erbium-doped fiber with normal GVD of 0.0076 ps?/m, 0.4 m of Corning Hil060
WDM coupler fiber with dispersion of -0.0102 ps?/m, and a loop mirror made of
0.5 m of dispersion shifted fiber with zero dispersion at 1.55 um. In another cavity

Er-doped 980 nm v

pin-SESAM
Output

Fig. 4.3. Laser setup with reverse biased saturable absorber mirror. PC: polarization con-
troller, LM: loop mirror.
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Fig. 4.4. (a) Oscilloscope traces of the laser output obtained with different reverse bias volt-
ages (0.5 us/div). With applied voltages above 1.8 V the cw mode-locked operation
was achieved without low-frequency instability. (b) Photocurrent generated in the
p-i-n structure as a function of reverse bias. The abrupt changes in photocurrent at
1.8 Vand 0.4 'V correspond to the start-up and turn-off of the cw mode-locked (ML)
operation, respectively.

configuration an additional 3.3 m long piece of SMF-28 fiber with GVD of -0.0217
ps?/m was used to make the net dispersion anomalous (-0.054 ps?), thus allowing
soliton formation. The fiber ends were angle-polished to eliminate the influence of
Fresnel reflections. AR-coated aspheric lenses were used to focus the beam to a 6.2-
um diameter spot on the pin-SESAM. The loop mirror served also as a 10 % output
coupler. The laser was pumped with a single-mode grating-stabilized laser diode,
which provided a power of 120 mW at 980 nm.

Figure 4.4(a) shows the operation regimes of the fiber laser for different values of
the reverse bias. As expected, the reverse bias voltage applied to the pin-SESAM
significantly influences the dynamic properties of the laser. At biases between 0 to
1.2 'V, the laser output waveform shows mode-locked operation with distinct low-
frequency instability. Self-starting cw mode-locking with a single pulse per round
trip was observed for reverse biases above the value of Vp=1.2...1.8 V, depending
on the absorber sample and alignment. The experimental observations made with a
number of samples showed that passive mode-locked operation could be achieved
with an appropriate optimization of the beam spot size at the p-i-n absorber.

The bias-dependent photocurrent generated in the p-i-n structure is shown in Fig.
4.4(b) for the pump power of 100 mW. With an increase in the reverse bias, the
laser operates first in the Q-switched mode-locking until the bias reaches the value
of Vp=1.8 V, corresponding to the electrical field of 32 kV/cm in the absorbing re-
gion. Above Vj the recovery time of the absorber becomes fast enough to enable
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Fig. 4.5. Measured mode-locked pulse duration and pulse bandwidth as a function of reverse
bias applied to the pin-SESAM for (a) net normal and (b) net anomalous cavity
dispersion. Vy is the bias at cw mode-locking start-up.

self-starting cw mode-locking. The onset of cw mode-locking is manifested as an
abrupt decrease in the photocurrent indicating a reduction (bleaching) of the mirror
absorption provided by the pulse train with a high repetition rate.

A hysteresis in the mode-locking start-up and turn-off is frequently observed versus
pump power [69]. Similar behavior was found here by varying the reverse bias, as
seen from Fig. 4.4(b). With a decrease in the reverse bias from a high value down
to 0.4 V, the pin-SESAM sustains its highly saturated state corresponding to mode-
locked operation. Below 0.4 V the absorber cannot support short pulse formation.
Mode-locking turns off and the absorber jumps into the high absorption state distin-
guished as a regime with a high value of photocurrent.

Figures 4.5 (a) and (b) present the pulse characteristics for the bias above the mode-
locking start-up voltage Vp for the two different cavity configurations described above.
A substantial decrease in pulse duration is observed both with net normal and anoma-
lous dispersion regime. A corresponding spectral broadening by a factor of 2.5...3
was observed with an increase in the bias. Another interesting — but not desired —
observation was made regarding the damage threshold of the absorbers. Namely, in
case of net normal cavity dispersion, the pin-SESAMs could withstand only a few
volts of reverse bias without breakdown in the p-i-n structure. Much higher bias val-
ues could be used with net anomalous dispersion. This behavior is attributed to arise
from the higher pulse energies in the stretched-pulse regime compared to the soliton
regime (see Fig. 3.1).
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4.2 Semiconductor saturable absorber etalon

A semiconductor saturable absorber is typically fabricated on top of a high-reflective
semiconductor, dielectric or metallic reflector forming a semiconductor saturable ab-
sorber mirror. As discussed in section 2.2.1, a high nonlinear modulation depth is
often preferred for a SESAM used in mode-locked fiber lasers. The modulation depth
can be enhanced by placing the absorber within a Fabry-Pérot cavity. However, the
use of a resonant SESAM exhibiting higher loss near the resonant wavelength makes
the mode-locking difficult to achieve at the desired wavelength. In order to operate
the laser near the resonant wavelength, the cavity architectures should employ an
additional wavelength selective element, e.g. an optical filter. The problem can be
avoided by using the saturable absorber in the form of a FP etalon operating in trans-
mission. With this geometry, the modulation depth enhanced near the FP resonance
corresponds to the high transmission (low-loss) regime where the laser would tend to
operate. An absorptive transmission etalon (ATE) can be naturally implemented in a
ring cavity laser, as we have shown in [P3].

4.2.1 Device structure and characterization

The structure of the absorptive transmission etalon is shown in Fig. 4.6. It consists of
an absorber region and spacer layers sandwiched between two distributed Bragg re-
flectors. The bottom DBR is made of 3.5 pairs of quarter-wave 89.3-nm AlAs/75.65-
nm GaAs layers. The absorber region comprises six 6-nm InGaAs quantum wells
with 15 nm GaAs barriers. The top DBR is comprised of 4.5 pairs of AlAs/GaAs.
Two 126-nm GaAs buffer layers surrounding the absorber region set up the length of
the ATE cavity and, therefore, define the resonant wavelength and the position of the
absorber region in respect to the maxima of the standing-wave pattern of the optical

=] AIAs/GaAs DBRI==ooAo > 749 nm

GaAs 126 nm

P— 6 InGaAs QWs ——H 111 nm
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Fig. 4.6. Structure of the absorptive transmission etalon.
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field within the cavity. The semiconductor substrate of the etalon was antireflection
coated to avoid unwanted Fabry-Pérot effect between the absorber mirrors and the
substrate/air interface. Before coating, the substrate was thinned down to 30 um by
wet etching. The saturation fluence of the ATE was measured to be ~20 uJ/cm? and
the modulation depth was ~10%. Growth conditions ensured an absorption recovery
time of about 40 ps.

4.2.2 Mode-locked fiber laser using an ATE

Figure 4.7 shows the setup of the mode-locked fiber laser employing the ATE as the
mode-locking element. The gain medium was a 50-cm-long ytterbium-doped fiber
with absorption of 414 dB/m at 976 nm. The ytterbium-doped fiber was pumped
with a 980 nm laser diode delivering a power up to 130 mW. The ring laser cavity
contained an optical isolator to ensure unidirectional propagation, a 980/1050-nm
pumping fiber coupler, a 6% output coupler and a polarization controller. The cavity
dispersion was adjusted by using a pair of 1250-lines/mm transmission gratings. The
overall cavity length was about 6.5 m, which corresponds to a fundamental pulse
repetition rate of 31.4 MHz. The laser delivered an average output power of ~1 mW.

Stable mode-locked operation supported by the ATE could be initiated by adjusting
the polarization inside the cavity. The pump power threshold for self-starting mode-
locking was 100 mW. Once started, mode-locked operation was stable for hours.
Polarization dependent loss of the grating pair suggests that nonlinear polarization
evolution is a dominant pulse shaping mechanism, while the ATE plays mainly the
role of a robust trigger for passive mode-locking. It should be mentioned that mode-
locked operation was not observed without the ATE.

Figure 4.8(a) shows the output pulse spectra of the laser for different values of to-
tal cavity dispersion. As expected, the laser operates at the wavelength close to the
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Fig. 4.7. Configuration of the ring-cavity fiber laser using the ATE-mode-locker.
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Fig. 4.8. (a) Low intensity transmission spectrum of the ATE (top) and mode-locked spec-
tra for different grating separations. The traces have been shifted for clarity. (b)
Interferometric autocorrelation traces for the different grating separations: (from
top) 22 mm, 31mm, and 37 mm. White curves show the Gaussian fit to the intensity
autocorrelation.

transmission maximum of the absorber. The slight shift from the resonance to the
shorter wavelengths is most likely due to the non-uniformity of the gain spectrum.
With a grating separation of 22 mm, the total cavity dispersion was normal with a
value of +0.017 ps? and resulted in a very broad square-shaped spectrum with the
bandwidth of 21.8 nm, indicating the stretched-pulse operation. With an increase in
the grating separation the cavity dispersion becomes anomalous and, consequently,
the laser switches to soliton pulse operation with the characteristic side-lobes in the
spectrum. Without the grating compensator, the laser operates in the all-normal dis-
persion regime with a spectral width of 4.2 nm.

The autocorrelation traces corresponding to the three different grating separations
are shown in Fig. 4.8(b). The traces, measured at the laser output shown in Fig.
4.7, correspond to strongly chirped pulses. As discussed in Section 3.3, the pulse
duration and chirp vary along a stretched-pulse laser cavity. In order to reduce the
pulse duration we placed the output after the grating compensator where the chirp is
negative. The extracted pulses were then externally compressed from 1.6 ps down
to 200 fs in a 4-m-long fiber delay line with normal GVD of 0.023 ps?/m. The
corresponding 6.6 nm wide spectrum indicated near transform-limited pulses with
the time-bandwidth product of 0.36.

4.3 Discussion

The absorption recovery time and the nonlinear intensity response are the key param-
eters of a saturable absorber as discussed in Section 2.2 already. In this chapter I have
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presented two unconventional approaches to affecting these parameters.

A p-i-n structure offers a way to control the SESAM parameters electrically. By
varying the bias voltage it is possible to adjust both the amount of the absorption
and the recovery time of the absorber mirror that allows to improve the pulse quality.
Most importantly, the possibility to tune the absorber parameters on-the-fly allows for
combining good mode-locking start-up capability with enhanced picosecond pulse
shaping in the same device. Furthermore, the long-term stability of the pin-SESAM
is expected to be better than in many defect-implanted structures, whose performance
tend to degrade over time.

An absorptive transmission etalon was proposed for mode-locking fiber lasers. Con-
trary to the resonant absorbers operating in reflection mode, the low-loss state in the
transmission etalon corresponds to the cavity resonance. Therefore, the operation
wavelength sets spontaneously at the resonance of the etalon without using an intra-
cavity filter. This ensures a high modulation depth and a reduced saturation fluence
needed for reliable self-starting of mode-locking, in particular in lasers with high
value of cavity dispersion.

An ATE is particularly attractive for ring cavity lasers. A unidirectional ring cavity
is generally desired since it is less sensitive to the spurious intracavity reflections
and, therefore, additionally improves the capability to self-starting mode-locking as
compared to a standing-wave cavity. Another interesting cavity configuration would
be a bi-directional ring cavity that enables pulse collision in the absorber. In such
a configuration additional pulse shortening is expected due to the colliding-pulse
mode-locking. An ATE placed in a linear cavity could initiate and support harmonic
mode-locking. In this configuration, the pulse collision in the etalon that defines two
subcavities with different lengths would enhance the operation with few pulses in the
laser cavity.






S. INTRACAVITY DISPERSION MANAGEMENT IN FIBER
LASERS

The lasers presented in the previous chapter were using dispersion shifted fiber and
diffraction gratings for intracavity dispersion control at 1.5 um and 1 um spectral
range, respectively. In addition to these conventional methods, several other schemes
have been developed for dispersion management in different types of lasers. This
chapter summarizes the results of the experiments I have carried out when searching
for new techniques for dispersion control in fiber lasers. In Section 5.1, before going
to my own results, I briefly introduce the basic concepts of the other compensation
methods. In Section 5.2 I consider a semiconductor component based on a Gires-
Tournois interferometer to produce tunable dispersion. In Section 5.3 I present the
results demonstrating the potential of the novel photonic bandgap fiber technology
for dispersion compensation at 1 um. Finally, in Section 5.4 I compare the different
methods in respect with their applicability to intracavity dispersion management in
ultrashort-pulse fiber lasers.

5.1 Methods for dispersion compensation

Efficient dispersion management is important for modern fiber optical telecommu-
nication systems operating at bit rates of 10 Gbit/s and beyond. A great deal of
efforts has been put into the development of dispersion management techniques used
in these systems. The dispersion control in mode-locked lasers has, however, many
specific issues not applied for telecom. The various operation wavelengths, large
spectral bandwidths and, in particular, the sign of cavity dispersion require individ-
ual methods for dispersion compensation, especially at wavelengths shorter than 1.3
um, where the material dispersion of silica glass is normal. For example, in order to
support pulse shortening by soliton formation in Yb-fiber lasers, one needs a com-
pensator element with high enough anomalous dispersion. Both bulk optic and fiber
optic methods have been proposed. They all have their pros and cons.
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5.1.1 Bulk optic dispersion compensators

Prism pairs are the classical arrangement to provide an anomalous and controllable
chromatic dispersion in a laser cavity [113, 114]. Prisms are generally used at mini-
mum deviation (i.e., with incidence angle equal to the exiting angle) and cut at such
an apex that rays enter and leave each prism at Brewster’s angle. This approach keeps
the Fresnel reflection losses low and provides coarsely tunable anomalous dispersion
by changing the separation of the prisms. The amount of dispersion is, however,
rather small. In addition to GDD compensation, prism pairs are used to compensate
for the third order dispersion [115, 116].

Diffraction grating pairs are widely used for dispersion compensation both in solid
state and fiber laser cavities [117]. The dispersion compensation effect arises from the
fact that spectral components with shorter wavelengths travel a shorter distance than
longer wavelengths. One can obtain large anomalous dispersion at any wavelength
as long as gratings with a proper spatial frequency and separation are used. However,
gratings introduce significant losses and increase the complexity of the system.

Chirped mirrors [118] are a special category of multilayer Bragg reflectors. They
consist of a large number (~40) of alternating low- and high-refractive-index layers
whose thickness progressively increases, in a suitable manner, when going towards
the substrate. In this way, high-frequency components are reflected deeper in the mul-
tilayer structure. Hence the group delay of the reflected beam increases with decrease
in @, which results in anomalous dispersion (; < 0). The dispersion can be designed
to be approximately constant over the bandwidth of interest or to have linear depen-
dence versus m for compensating third order dispersion. In particular, double-chirped
mirrors (DCMs) are used to precisely compensate GDD in mode-locked solid-state
lasers to produce pulses with duration below 10 fs [119]. The amount of anomalous
GDD obtainable with chirped mirrors is limited to about -100 fs?.

A Gires-Tournois interferometer was proposed for pulse compression in the original
paper of Gires and Tournois in 1964 [120]. It is based on an asymmetric Fabry-Pérot
cavity composed of a partially reflective front mirror and a 100% reflective back
mirror separated by a spacer layer as shown in Fig. 5.1. A GTI can be easily made
to offer three orders of magnitude higher dispersion than a prism pair, although over
a limited bandwidth. GTIs have been used for dispersion compensation in several
studies [121, 122, 123, 124, 125, 126, 127, 128]. In particular, thin-film dielectric
GTIs are used to compensate highly chirped ultrashort pulses [121, 129].

A special type of the Gires-Tournois dispersion compensator is a semiconductor GTI
incorporating a saturable absorber. The device has the same basic structure as reso-
nant SESAMs (or RSAMs), and thus it can be recognized as a dispersive saturable
absorber mirror (D-SAM) [130]. In order to tell the different concepts apart, I am
using the following definition: a D-SAM incorporates both a dispersion compensator
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Fig. 5.1. The basic structure of a Gires-Tournois interferometer. Back mirror reflectivity is
100 %.

Front mirror
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Back mirror
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and a saturable absorber used for mode-locking whereas an absorbing GTI provides
only the tunable dispersion compensation. The latter application is described in sec-
tion 5.2.

5.1.2  Fiber optic dispersion compensators

Anomalous dispersion is readily available from conventional silica single-mode fiber
(SMF) at wavelengths above 1.3 microns. By tailoring the waveguide contribution
to the total dispersion one can fabricate different types of dispersion modified fibers.
The wavelength-dependent effective refractive index depends on the core radius and
the index difference between the core and the cladding. Designing techniques also
use multiple cladding layers and tailored refractive index profiles.

A conventional dispersion compensating fiber (DCF) [131] has the normal dispersion
of the order of -100 ps/(nm-km) at 1.5 microns. A shortcoming of the method is that
relatively long lengths of DCF are required to compensate for the anomalous GVD of
standard fiber. This increases the cost of telecom lines and may not be acceptable for
laser intracavity compensation. Dispersion compensation schemes based on different
types of DCF have been described for example in [132].

Zero dispersion wavelength can be tuned around 1550 nm. Such fibers are called
dispersion-shifted fibers (DSF) [133]. They are best suited for applications involving
single channel transmission at 1550 nm providing the benefits of zero dispersion as
well as taking advantage of the low attenuation of silica-based fibers at that wave-
length.

Other types of dispersion modified fibers have been made for high speed data trans-
mission applications. In WDM applications the total chromatic dispersion should
have an absolute value slightly above zero at all operation wavelengths to avoid four-
wave mixing. Non-zero dispersion-shifted fiber (NZ-DSF) is designed to provide a
small amount of dispersion in the 1550 nm region. Waveguide dispersion has also
been used to produce dispersion-flattened fibers (DFF). They are designed so that the
total dispersion is relatively small over a wide range extending from 1300 to 1600
nm.
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In order to achieve the anomalous dispersion at wavelengths below 1.3 um, special
waveguide geometries of the fiber have to be considered. Some of them are depicted
in Fig. 5.2. In higher-order-mode (HOM) fibers [134, 135] dispersion is modified
since at a specified wavelength the guided mode of the fiber changes from being
confined in the first core mode into the higher order mode(s). However, due to the
multimode behavior, these fibers require some extra care when used in combination
with standard single-mode fibers.

In fiber tapers, the light propagates through a thin waist that confines the optical
field in an area much smaller than the original fiber core. The light is guided by the
glass-air interface with an abrupt and large refractive index change that creates strong
anomalous waveguide dispersion. By changing the diameter of the taper waist, one
can control the amount of dispersion at the wavelength of interest. For example,
with a waist diameter of the order of one micron, the zero-dispersion wavelength
moves to the visible part of the optical spectrum. The reduced core size of the fiber
enhances the nonlinear effects, which may or may not be desirable, depending on the
application. Strong nonlinearity, particularly in combination with large anomalous
GVD, will degrade the pulse quality and limit the maximum pulse energy. On the
other hand, it can be used, for example, in supercontinuum generation. Being made
of standard single-mode fiber, tapers can be easily fusion spliced in the laser cavity.
Thus, neither back-reflections nor any significant insertion losses are induced.

Phototic crystal fibers can be designed to have dispersion properties very different
from that of conventional fibers. In particular, anomalous waveguide dispersion can
be achieved with a single-mode PCF at short wavelengths [136, 20], which is not
possible with traditional index profiles.

Index-guiding photonic crystal fibers are based on a periodic arrangement of air holes
in the cladding running parallel to the fused silica core. Although these solid core
PCFs guide light similar to the standard step index fibers, the high effective index
contrast and cladding micro-structures facilitate tailoring the fiber properties. The
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dispersion profile of an index-guiding PCF strongly depends on the air-filling frac-
tion and the core size. The amount of dispersion and the zero-dispersion wavelength
are primarily determined by the core size of the fiber. Large dispersion values are
typically achieved with small mode areas. The air-filling fraction of the fiber controls
the higher-order dispersion [137]. Not surprisingly, a high air-filling fraction makes
the PCF behave similar to a fiber taper with the same core diameter [138]. An advan-
tage of PCF over the tapers is the more rugged mechanical structure. On the down
side, splicing of a PCF with standard fibers may be somewhat cumbersome.

Photonic bandgap fibers are a class of photonic crystal fibers in which the light is
not guided by total internal reflection [139]. Instead of index guiding mechanism,
the light is confined in the core by a bandgap structure that prevents certain optical
frequencies from penetrating into the cladding. Thus, light can be guided even in a
hollow (air) core. PBGFs are also highly flexible in dispersion characteristics. The
theory and experiments of dispersion compensation with PBGFs will be discussed in
Section 5.3 in more detail.

Chirped fiber Bragg gratings (CFBGs) were first proposed for dispersion compen-
sation in 1987 [140]. After that they have been used extensively in high bit rate
(10-160 Gbit/s) telecommunication systems [141, 142, 143]. They provide an at-
tractive scheme also for intracavity dispersion compensation in fiber lasers. CFBGs
can be written in PM fibers and spliced with negligible loss. Moreover, they can be
conveniently integrated as the cavity end mirrors. This possibility has been explored
since the mid-nineties [144].

CFBG operation is based on the same principle as the dielectric chirped mirrors. A
periodic set of perturbations of the effective refractive index in the core of an optical
fiber acts as a mirror for wavelengths that satisfy the Bragg condition. A gradually
varying perturbation period or effective index provides a spectrally dependent delay
over a relatively wide bandwidth. The long wavelengths could, for example, reflect
from the front of the grating, whereas the short wavelengths penetrate farther into the
grating before being reflected. The sign of the dispersion can be changed simply by
physically reversing the grating input and output. This makes it possible to achieve
large amounts of both normal and anomalous dispersion at practically any wavelength
in a short length of fiber. An ideal CFBG has a top-hat reflectivity profile and linear
group delay. In practice, however, the spectral response of the actual gratings may
have quite complicated and unregular shape. Some improvement in the performance
has been gained using asymmetrically apodised CFBGs [145].
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5.2 Dispersion tuning using an absorbing semiconductor Gires-Tournois
interferometer

This section summarizes the results of the modeling and the experimental studies |
have carried out in order to investigate the dispersion properties of nonlinear reso-
nance structures such as an absorptive semiconductor Gires-Tournois interferometer.
The main results have been published in [P1].

If a GTI cavity has no absorption and the back mirror is 100 % reflective, the total
reflectivity of the device is unity at all wavelengths and no FP resonances appear.
The interferometric resonant behaviour shows up in the phase delay, however. In
the actual GTI devices, there is always some amount of loss that decreases the re-
flectivity, particularly at resonances. One can show that the resonant phase response
depends strongly on the cavity loss. It is then obvious that by controlling the absorp-
tion, one could tune the group delay and, thus, dispersion of a GTI. It should be noted
that the same basic principle applies to the structures with the gain used instead of
absorption, and to other all-pass resonance structures as well. For example, the po-
tential use of a GTI gain structure for fully integrated mode-locked semiconductor
laser is discussed in [146]. In another recent study, active control of the group delay
of a micro-ring resonator chain by changing the waveguide gain and loss has been
demonstrated [147].

5.2.1 Theoretical considerations

The transfer function of a GTI describes the amplitude and phase variation of an
optical field at frequency ® traversing the structure. It can be presented as

Y(0) = ||, (5.1)

The field amplitude |¥| (<1) is shown to describe the spectrally dependent power
reflectivity Rgry by the relation (see appendix A)

R+A+2+vARcos(¢— mr)
14+ AR+ 2v/ARcos(¢ — org)

|¥| = Rori(m,A) = (5.2)

Here R is the top mirror reflectivity, fy is the round-trip time of the cavity, and @ is
the phase change on the high-reflective back mirror (usually assumed to be equal to
7). The round-trip attenuation coefficient is given by A = e~2%/, where o is the linear
absorption coefficient of the structure and d is the length of the GTI cavity. It should
be noted that when A = 1, there is no loss in the structure. On the other hand, when
A =0, all power is absorbed. Different forms of Eq. 5.2 have been used widely to
model the switching and modulation properties of GTI devices [148, 149, 150].
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The phase change of the reflected light results from multiple reflections and from the
accumulated loss inside the structure. The frequency dependent phase can be found
from

—V/A(1 —R)sin(¢ — xy) ) . (5.3)

— 1’1_1
P(m,A) =ta <<A+l)\/§+\/g(1+1e)cos((p—wto)

The group delay time 7 is calculated by differentiating Eq. 5.3. If the material disper-
sion of the structure is neglected (i.e. refractive index is independent of ®), the group
delay can be written as

0P (o)
o

B —[VA(1+R)+ (A+1)VRcos(¢ — otg)| VA(1 — R)tg 5:4)
— 5.

[(A+1)VR+ VA(1+R) cos(¢— oip)] > + [VA(1 = R) sin(¢ — op)]

In general, Eq. 5.4 cannot be written in a simplified form. However, at the cavity
resonance frequency, i.e., at ¢ — of) = 2Nw with N € N, we have sin(¢ — ofy) = 0
and cos(¢@ — wry) = —1. In this case the group delay reduces to

(1 — R)t()

R (VAT VAR o

It can be easily seen that the group delay depends strongly on the level of absorption,
moreover, it changes the sign from negative to positive when A passes the value R.
When A = R, the numerator is equal to zero and this GTI configuration is referred to
as an impedance matched design. It results in full extinction of the optical field, while
the group delay T — oo, in other words, the incident light stays in the structure and
gets fully absorbed. To generalize, operation close to impedance matching allows
for very high group delay dispersion, but leads inevitably to high losses and narrow
spectral bandwidth.

5.2.2 Device structure

The absorbing semiconductor GTIs I used in the dispersion tuning experiments were
designed to operate at 1.55 um wavelength range. The results are, however, applica-
ble to other wavelengths as well. The samples were grown by the solid-source molec-
ular beam epitaxy (SS-MBE) method. They consisted of a 0.1-um InP buffer layer
and a Burstein-Moss shifted distributed Bragg reflector made of 19.5 pairs of A/4 n*-
Gag 47Ing 53As / InP layers. The saturable absorber had 9-nm thick Gag 47Ing 53As /
10-nm InP quantum wells, placed in an InP cavity. Different numbers of QWs were
tested in order to investigate the device parameters, e.g. switching energy and the
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amount of absorption. The whole structure was capped with 11-um InP and 10-nm
InGaAs layers.

A GTI structure with 28 (four groups of seven) 9-nm thick Gag 47Ings3As quantum
wells with 10-nm thick intermediate InP barriers was examined in more detail. Dif-
ferent dielectric coatings were deposited on top of the basic structure to detune the
top surface reflectivity from the initial value of ~30 %. By using various high reflec-
tivity coatings it is possible to meet the impedance matching condition at different
absorption levels. In order to illustrate the consistency of the experimental results
with the theory, I will describe the characteristics of a sample with 70 % top mirror
reflectivity.

5.2.3 Device characterization

Dispersion tuning properties of the GTI sample were studied by bleaching the sat-
urable absorption of the MQW structure using optical excitation. The structure
was optically pumped with 980-nm pigtailed laser diode butt-coupled with the GTI-
mirror, as shown in Fig. 5.3. The probe signal tunable near 1550 nm was com-
bined with pump light by a selective coupler. The group delay was analyzed using
phase-shift technique at the output of an optical circulator. All measured data were
calibrated by replacing the GTI sample by a gold mirror used as a reference.

Figure 5.4(a) shows the measured group delay of the GTI sample as a function of
wavelength near the cavity resonance for different pumping powers. To exclude the
effect of a small pump-induced temperature shift from the consideration, the resonant
wavelengths were normalized. The calculated dispersion with an absorption A within
the GTI structure as a parameter is shown in Fig. 5.4(b). It can be seen, that the
proper values of A-parameter leads to a good agreement between the theory and the
experiment. Just as the theory suggests (see Eq. 5.5), the group delay changes its sign

Probe (1550 nm) m Output
> Q Q >

Pump (980 nm)

Ve

980/1550
selective
coupler

GTI/ mirror BVFesy
Fig. 5.3. The setup used for testing the GTI group delay dependence on optical pumping.
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wavelength around the cavity resonance. In calculation the attenuation A is used as
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Fig. 5.5. (a) Group delay dependence on pump power at resonant wavelength of the GTI.
(b) Near resonant dispersion B, = dt/dw as a function of pump power. The corre-
sponding absorption scale is shown as the top horizontal axis.

from negative to positive at the pump power level that corresponds to the impedance
matched absorption condition.

Figure 5.5(a) shows the group delay versus pump power (or round-trip loss factor
A) at the cavity resonance. The same dependence for dispersion 3, is shown in Fig.
5.5(b). Singular point in T(P) and B,(P) at pump power P ~ 75.5 mW corresponds
to the condition A = R = 0.70, at which the group delay changes its sign.
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5.3 Dispersion compensation using photonic bandgap fibers

Photonic bandgap fibers have more diverse and modifiable dispersion properties than
standard index guiding fibers. In particular, the dispersion can be tailored to be
anomalous at short wavelengths (<1.3 um) where standard fibers have normal dis-
persion. Two mode-locked ytterbium fiber lasers using this scheme for intracavity
dispersion control are presented here. In section 5.3.2 I introduce the use of a solid-
core photonic bandgap fiber (SC-PBGF) in a typical linear cavity fiber laser setup.
In the second experiment presented in section 5.3.3, both the laser gain and the dis-
persion compensation are provided by one ytterbium-doped PBG fiber (Yb-PBGF)
segment. We have published the results of these studies in [P4], [P5], and [RP4].

5.3.1 Theoretical considerations

In order to accurately simulate the amplitude and phase response of photonic bandgap
structures, the beam propagation model for the full structure should be used [151].
Due to the rather complicated geometries, this may not be particularly easy. The main
spectral features of the fiber transmission and dispersion can be described analytically
using simplified models such as Bragg reflection model, anti-resonant optical wave-
guiding (ARROW) [152, 153], and multipole simulations [154, 155]. These models
give a good physical picture of the PBG fiber behavior.

The configuration known as Bragg fiber was proposed already in 1978 [156]. It
gives perhaps the most intuitive explanation for light confinement in PBG fibers. The
cladding is modeled as a 2-D cylindrical Bragg reflector formed of concentric low-
and high-index layers whose indices may be higher than that of a core. The wave-
lengths meeting the Bragg condition are reflected back into the fiber core, whereas
others are transmitted and lost. The appearing discrete bands of high and low trans-
mission are a typical signature of photonic bandgap guidance.

It has been shown that light confinement in a solid-core PBG fiber does not actually
require a periodic Bragg-type cladding structure. The ARROW model originally pro-
posed for planar waveguides [157, 158] fundamentally differs from the Bragg model
and the complete bandgap model in that the locations of the transmission bands de-
pend only on the index and diameter of individual cladding inclusions, but not on
their geometric arrangement [159]. This can be understood as follows: the light
propagating in the core mode(s) couples to the cladding inclusions at wavelengths
corresponding to the guided modes of these inclusions (i.e., when propagation con-
stants B = 27n. s /A match each other). Thus, at these wavelengths light escapes
from the core. More specifically, the transmission bands appear between the frequen-
cies corresponding to the modal cut-offs of individual high-index rods. At cut-off
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Fig. 5.6. Typical dispersion characteristics within a transmission band of a PBG fiber.

frequency, the effective refractive index of the particular rod mode equals the index
of surrounding material, causing leakage of light from the core.

The complete bandgap model takes also the other contributing effects into account.
Although the position and periodicity of the rods do not change the spectral location
of the bandgaps, they do affect the bandgap shape and attenuation as a result of the
changing coupling strength between the rods [160]. The periodic array of rods forms
a set of supermodes which determines the actual bandgap shapes. The leakage rate
depends on the number of cladding layers and decreases with an increasing number
of layers. Moreover, any deviations in rod circularity decreases the degeneracy of
supermodes and leads to narrowing and fragmenting of bandgaps [161]. In hollow-
core photonic bandgap fibers (HC-PBGFs) the transmission bands are further reduced
because of surface-confined modes guided in the small glass strands between the air
holes [162]. These surface modes match the propagation constant of the hollow-core
modes at certain wavelengths, causing increased coupling out of the fundamental core
mode. This problem can be avoided in SC-PBG structures as long as the low-index
regions between the cladding rods are significantly smaller than the core [160].

Figure 5.6 shows the typical dispersion characteristics in a PBG fiber within one of
the transmission bands. The GVD is normal at the short-wavelength side of each
transmission band, and anomalous at the long-wavelength side, approaching +oo at
the edges of the band. Dispersion has a negative slope (i.e. positive B3) across the
whole band, and an inflection point near the zero dispersion wavelength.

Several methods have been proposed to give a theoretical reasoning for the observed
dispersion behavior. The calculations reported in [163] predict the large anomalous
dispersion at long wavelengths but not the change in sign of dispersion. In [164] the
correct shape of the dispersion curve has been obtained using Bragg fiber model. The
multipole simulations used in [165] give a good agreement between measured and
calculated dispersion curves. Still again, a simple Bragg scattering model [166] gives
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the most intuitive insight into the physical mechanisms that affect the phase response
of light propagating in the PBG fibers.

The spectral position of the zero-GVD wavelength and the large amount of third-
order dispersion are important characteristics of SC-PBG fibers. The anomalous
waveguide dispersion due to the resonant-like PBG structure tends to shift the zero-
GVD towards the short-wavelength edge of the transmission band [17]. On the other
hand, in case of an all-solid PBG fiber, the strong silica material dispersion at short
wavelengths moves the zero-GVD to the opposite direction [160]. In order to obtain
the same amount of anomalous GVD in a SC-PBGF as with HC-PBGF at a certain
wavelength A, the long-wavelength edge of the transmission band has to be shifted
closer to Ag. This gives rise to an increase in waveguide dispersion and also shifts
the zero-GVD towards the short-wavelength side of the transmission band [166]. As
a consequence, however, the resulting TOD will be significantly higher as well. We
have experimentally and numerically analyzed the influence of these dispersive ef-
fects on soliton pulse formation in fiber lasers as will be discussed later.

5.3.2 Solid-core photonic bandgap fiber laser

Figure 5.7(a) shows the microscope image of the SC-PBG fiber cross-section. The
high-index Ge-doped rods around the undoped silica core are seen as light grey areas.
The fiber diameter is 200 um and the periodic structure has the spacing of 8.3 um. The
mode field diameter (MFD) in the SC-PBG fiber is ~9 um, i.e. slightly larger than
the 6.4-um MFD of the core in a standard fiber. Therefore, as the Eq. 3.2 suggests,
the nonlinear parameter of the SC-PBG fiber is much smaller than that of the index-
guiding PCFs used for dispersion compensation. Figure 5.7(b) shows a typical fusion
splice between a standard single-mode fiber and the SC-PBG fiber. Thanks to the
perfect matching between the fiber core indexes, the Fresnel reflection at the interface
is avoided. Despite the clear difference in the outer diameters, the guided mode of
the bandgap fiber has only a small mismatch with the mode of the normal fiber. The

(a) (b)
Fig. 5.7. (a) Cross-section of the SC-PBG fiber. (b) SC-PBG fiber (¢ 200 um) fusion spliced
with a standard single-mode fiber (¢ 125 um).
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Fig. 5.8. Transmission and dispersion of the SC-PBG fiber.

measured double-pass splice loss was ~1 dB, which corresponds very well to the
MFD mismatch induced loss of 0.99 dB approximated by the equation

Loss[dB] = —10log (5.6)

where MF D, and MF D, are the mode field diameters of the two fibers. Note that the
loss is independent of light propagation direction.

Figure 5.8 shows the measured transmission and dispersion spectra of the SC-PBG
fiber. The short and long wavelength edges of the bandgap are seen at around 1000
nm and 1090 nm, respectively. The fiber exhibits anomalous GVD of -0.054 ps?/m
and the third order dispersion of 1.40-10~3 ps3/m at 1.04 um.

The experimental setup of the mode-locked laser is illustrated in Fig. 5.9. The laser
was pumped with a single-mode grating-stabilized laser diode, which provided a
power of 120 mW at 980 nm. The free end of the SC-PBG fiber was butt-coupled to
a high reflective (HR) mirror in order to avoid further splice loss and any unwanted

980 nm

SESAM Pump/signal pump
multiplexer

000
Tunable Polarization SC-PBGF
filter  Yb-doped Output controller -
fiber mirror

Fig. 5.9. Mode-locked laser setup with a SC-PBG fiber for dispersion control.
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reflections from the fiber end. In the other end of the cavity an AR-coated aspheric
lens with a focal length of 2.0 mm was used to focus the beam on the SESAM. The
resonant-type SESAM was fabricated on an n-type GaAs substrate. The bottom mir-
ror had 30 pairs of AlAs—GaAs quarter-wave layers forming a DBR. The DBR stop-
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Fig. 5.10. The intensity autocorrelation traces (right) and the corresponding spectra (left)
obtained for tunable mode-locked operation. Plots (a)—(d) correspond to net nor-
mal cavity dispersion, (e)—(h) to net anomalous cavity dispersion.
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band was centered at 1050 nm and was ~120 nm wide. The absorber comprised five
InGaAs QWs with thickness of 6 nm and 16-nm GaAs barriers. The QW structure
was sandwiched between 100-nm GaAs buffer and cap layers. Post-growth heavy-ion
implantation was used for reducing the absorber recovery time to picosecond range.

The fiber segment of the cavity was comprised of 1.0 m of ytterbium-doped fiber, 2.7
m of standard single-mode fiber and a 2.8-m long SC-PBG fiber. The Yb-doped fiber
had an unpumped loss of 414 dB/m at 976 nm and a normal GVD of +0.071 ps>/m
measured at 1.04 um. The 10 % output coupler and the dichroic pump coupler were
made of single-mode fiber with normal GVD of +0.023 ps?/m. With this cavity con-
figuration the round-trip dispersion equals to zero at around 1.04 um. A birefringent
filter at the Brewster angle was inserted into the air-segment of the cavity to tune the
operation wavelength continuously around the zero-dispersion point. This allowed us
to investigate mode-locked pulse operation both at normal and anomalous dispersion
regimes and, in particular, to study the effects of the TOD.

Proper SESAM alignment has resulted in self-starting mode-locking with a funda-
mental repetition rate of ~15 MHz. The laser delivers an average output power of
~2 mW corresponding to the pulse peak power of 250 W. Without the filter, the laser
operates at 1035 nm where the SC-PBG fiber has the transmission maximum, as seen
in Fig. 5.8. Figure 5.10 shows the pulse spectra and intensity autocorrelations when
the laser was tuned to different wavelengths. From Figs. 5.10(a)—(d), it is clear that
owing to low value of anomalous dispersion generated by SC-PBG fiber at the short
wavelengths (< 1035 nm), the laser operates with net normal cavity dispersion result-
ing in long pulses. This feature is expected from the dispersion curve shown in Fig.
5.8. In contrast, operation at longer wavelengths (Figs. 5.10(e)—(h)) shows substan-
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Fig. 5.11. Mode-locked pulse spectra obtained with 0.55-m long ytterbium fiber. The total

cavity dispersion calculated from the soliton sidebands equals -0.13 ps*> at 1040
nm and -0.52 ps* at 1055 nm.
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tial soliton pulse compression indicating the total anomalous dispersion of the laser
cavity.

To further illustrate the strong wavelength dependence of the SC-PBG fiber disper-
sion and, consequently, the high value of TOD, the length of an ytterbium fiber was
decreased down to 0.55 m. This allowed us to operate with higher values of net
anomalous dispersion. The spectral sidebands in the pulse spectra, shown in Fig.
5.11, give a clear signature of the soliton regime. The average cavity dispersion esti-
mated from the soliton sidebands is -0.13 ps? at 1040 nm and -0.52 ps> at 1055 nm.
The group-velocity dispersion derived from the spectral location of the sidebands
agrees with total cavity GVD calculated from measured dispersion of the fibers com-
prised in the cavity.

5.3.3 Ytterbium-doped solid-core photonic bandgap fiber laser

An exciting and practically important option with a SC-PBG fiber is to use a rare-
earth doped rod as the core element. A fiber with an ytterbium-doped core surrounded
by the PBG structure can provide both the gain and the anomalous dispersion needed
for a 1-um soliton laser. Using such a fiber as the gain element and the dispersion
compensator allows for a very simple and compact all-fiber cavity architecture with
repetition rate above 100 MHz.

The experimental setup of the mode-locked laser is illustrated in Fig. 5.12. The Yb-
PBG fiber used in the cavity had the same basic microstructure as the SC-PBG fiber
described above. The Yb-doping is expected to have only a minor influence on the
bandgap properties due to the small change in the refractive index of the core. The
fiber cavity was comprised of 0.27 m of Yb-PBG fiber and 0.47 m of standard single-
mode fiber. The free end of the PBG fiber was butt-coupled directly to a saturable
absorber mirror. The laser output was taken from a variable coupler composed of
a polarizing beam splitter and a half-wave plate placed in the free space section of
the cavity. Rotating the half-wave plate was used to optimize the output coupling.

980 nm

Al2 PBS pump
WDM Yb-PBGF mﬂ

I

HR SESAM
mirror Output

Fig. 5.12. Laser setup with Yb-PBG fiber. PBS: polarizing beam splitter, \M2: half-wave
plate, WDM: pump/signal multiplexer, HR mirror: high reflectivity mirror. See
Section 5.3.2 for details on the SESAM structure.
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Fig. 5.13. (a) Dispersion of the whole fiber cavity and the transmission spectrum of the Yb-
PBG fiber. (b) Amplified spontaneous emission from the Yb-PBG fiber.

Depending on the other cavity parameters, the optimal value of the output coupling
that allowed for stable mode-locked operation was ranged from 0.2 to 0.5. The laser
was pumped with a single-mode grating-stabilized laser diode capable of delivering
up to 300 mW of power at 980 nm.

Figure 5.13(a) shows the transmission band of the Yb-PBG fiber recorded using a
white-light source. The bandgap ranges from 980 to 1100 nm covering both the
pump wavelength and the laser transitions of the Yb-doped fiber. Although the trans-
mission band shape of the PBG fiber is to certain extent affected by the high level
of Yb doping, it is evident that the pump wavelength is located close to the short-
wavelength edge of the band. The pump radiation is, therefore, weakly guided that
in turn decreases the overall pump efficiency. With optimization of the band spectral
position, an improvement in the output power would be expected.

The measured round-trip group-velocity dispersion of the laser cavity is seen in Fig.
5.13 as well. The dichroic pump coupler made of standard single-mode fiber has
a normal GVD of +0.024 ps?/m, while the PBG fiber exhibits anomalous GVD of
-0.075 ps?/m at 1035 nm. Thus, the total cavity has an anomalous round-trip dis-
persion of -0.017 ps? at 1035 nm corresponding to the operation wavelength of the
laser.

Figure 5.13(b) shows the spectrum of amplified spontaneous emission (ASE) from
Yb-doped bandgap fiber for different pump powers. The ASE spectrum matches
closely the transmission band of the PBG fiber demonstrating an efficient filtering
provided by the band spectral shape. This feature of the photonic bandgap structure
was previously used to suppress undesired four-level transition in the Nd-doped fiber
[167].

The laser exhibits self-starting mode-locked operation emitting the pulse train at the
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Fig. 5.14. Mode-locked pulse spectrum. Inset: measured intensity autocorrelation.

fundamental repetition rate of 117.5 MHz. An average power of 3 mW at the output
corresponds to the pulse energy of 25.5 pJ. As it was mentioned above, this charac-
teristic is expected to advance with improving the guiding of the pump radiation. Fig.
5.14 shows the optical spectrum of the pulse with a spectral width of 4.0 nm. The
corresponding intensity autocorrelation is shown in the inset of Fig. 5.14. A sech?-fit
yields a pulse duration of 335 fs (FWHM), which corresponds to a time-bandwidth
product of 0.37 indicating a nearly transform limited pulse operation.

The exceptionally large value of TOD was found to affect the shape of the soliton
pulse spectrum. Namely, the spectral sidebands in the pulse spectrum show notable
asymmetry. Typically, we observe 2-3 soliton sidebands in the long-wavelength tail
of the spectrum which corresponds to a higher anomalous dispersion regime, while
sidebands were never recorded at the short-wavelength wing of the spectrum. The
same behavior was seen in numerical simulations [RP4]. For low values of higher-
order dispersion, the pulse spectrum formation is governed by the second-order term
resulting in a symmetric sideband distribution, as shown in Fig. 5.15 (trace a). With
the round-trip TOD of 0.0014 ps>, corresponding to a Yb-PBG fiber with a length of
30 cm, the sidebands become highly asymmetric and significant power is contained
only in sidebands at the long wavelength tail of the pulse, as shown in Fig. 5.15
(trace b). The soliton character is maintained for the high TOD cavity, indicated by
a transform limited time-bandwidth product of 0.32. Generally, these observations
confirm a high immunity of the soliton pulses to higher-order dispersion.
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Fig. 5.15. Simulated mode-locked spectra of a fiber laser for a low value of third-order dis-
persion (a) and with TOD corresponding to 30 cm of Yb-PBG fiber in the cavity(b).

5.4 Discussion

The aim of my work presented in this chapter was to look for the best dispersion
compensation method to be used in fiber lasers. The target was to find a solution that
is easily applicable to mode-locked fiber lasers, minimizes the need for bulk optical
components, provides a large and flat dispersion within a wide spectral bandwidth,
and causes minimal insertion loss.

The requirements for dispersion compensation in fiber lasers and in bulk crystal solid-
state (SS) lasers are different from each other. In comparison, a typical laser crystal
is only a few millimeters or at most a centimeter long, whereas a fiber cavity is in
lengths of several meters. The dispersive effects are very strong in fiber lasers due
to such a long propagation length in the glass. Another difference is the fact that
the conventional bulk optic dispersion compensators can rather easily be inserted in
the free space cavity of a bulk crystal SS laser. In case of a fiber laser, some of
the inherent advantages of the lasing medium are lost if bulk elements are used. In
general, it is beneficial to maintain the all-fiber nature whenever possible.

Dispersion compensating fibers have been adopted as a basic solution for mode-
locked erbium-doped fiber lasers operating at 1.5 um wavelength range. Ultrashort
pulse generation at the operation range of ytterbium- and neodymium-doped fibers is,
however, problematic. As discussed earlier, the difficulty results from the high value
of normal material dispersion of silica, which cannot be compensated by waveg-
uide dispersion of standard DCFs. Table 5.1 summarizes the main characteristics of
dispersion compensators available at 1.054-0.02 yum. Most of the parameter values
shown in the table are taken from the configurations reported in the literature. In
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Table 5.1. Summary of the methods available for intracavity dispersion compensation at
1.05 um range. The dispersion values for 5 mm of fused silica and for Im of
Hil060 fiber are shown in order to illustrate the order of magnitude of disper-
sion compensation required in bulk crystal solid-state lasers and in fiber lasers,
respectively. Insertion loss scale: Low — <0.5 dB, Moderate — 0.5-3 dB, High

— >3 dB.
] Cavity element \ GDD [psz] \ TOD [ps3] \ Insertion loss \ Ref. \
Prism pair, double | -640- 10°° 1.38-10°° Low [113]
pass, [ =50 cm
» Grating pair, -0.082 0.23-107° High [117]
g double pass,
Z 1200 lines/mm,
& | I=1cm, B=55°
g Chirped mirror -45.107° 56-107° Low [118]
o DCM -750-107% | Low, AL ~40 nm Low [168]
5 Dielectric GTI -0.050 Low, AL ~2 nm Low [129]
D-SAM -400-10° | Low, AL ~20 nm Low [130]
RSAM -0.0030 0.16-1073 * Moderate [146]
Absorbing GTI -0.55 High, AA<1 nm High [P1]
CFBG -9.3 -1.43 - [144]
-0.25 - High* [169]
-4.8 - Low' [170]
g Taper,
g dyaiss = 1.8 um, -0.029 0.03-1073 * Low [171]
& Lyaiss = 20 cm
g PCF, 1 m -0.040 - - [20]
°© Nd-PCF, 1 m -0.015 0.08-1073 * - [172]
£ | HC-PBGF, 1 m -0.050 - Moderate* | [173]
= -0.072 0.36-1073 Moderate* | [174]
SC-PBGF, I m -0.085 1.70-1073 Moderate* | [175]
-0.054 1.40-1073 Moderate* [P4]
Yb-PBGF, 1 m -0.075 2.30-1073 Moderate* | [P5]
Fused silica, 5 mm 85-107° 0.21-107°
Hi1060 fiber, 1 m 0.023 0.04-1073

* estimated from figure
* reflectivity 25 %, output-coupling 75 %

T reflectivity 97 %, output-coupling 3 %

¥ including splice losses
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order to make it easier to assess the practicality of different techniques, the disper-
sion values for a 5-mm long bulk silica crystal and for a 1-m long piece of standard
single-mode fiber are given at the bottom of the table.

The prism pair compensators have unpractically long separation (>1m) for a typical
cavity of a fiber laser. Grating pairs offer higher dispersion resulted in a more realistic
separation distance of about a centimeter. At the moment, they are most commonly
used dispersion compensators in Yb-fiber laser. However, grating pairs are polar-
ization dependent, lossy and difficult to align, which makes them less attractive for
otherwise compact fiber lasers.

Although the dispersive dielectric (e.g. chirped) and semiconductor reflectors are
discrete optical components, they can relatively easily be integrated in fiber lasers
as cavity end mirrors. Still, they are mainly usable for dispersion compensation in
solid-state lasers. Chirped mirrors and DCMs can provide anomalous dispersion over
a large bandwidth (AL), however, they offer a compensation that is not sufficient for
fiber cavities.

A dielectric GTI-based dispersion compensator has been successfully demonstrated
also in a fiber laser [129]. An inherent problem, however, is the limited spectral
bandwidth over which compensation is viable. The GDD introduced by GTI-mirrors
is always accompanied by relatively high third and higher-order dispersion contri-
butions, i.e. a constant GDD can be obtained only over a very limited wavelength
range. Thus, GTI mirrors are useful for fiber cavities with length of a few tens of
centimeters. This can be achieved using a gain fiber with a very high concentration
of Yb-ions.

The GTI can be built either from dielectric or semiconductor material. Since the
length of the semiconductor-based structure is limited to some micrometers, the semi-
conductor compensators such as the D-SAM (or RSAM) offer relatively low disper-
sion (|B2| <0.01 ps?) [146]. The advantage of using a D-SAM structure is that it can
provide both the high nonlinearity and dispersion needed for reliable generation of
ultrashort optical pulses in mode-locked lasers.

Near-impedance matched absorbing semiconductor GTIs can have arbitrarily high
dispersion values, but only at a price of very high losses and narrow bandwidths. In
such a device, a small change in the level of absorption saturation can lead to a dra-
matic change of dispersion, even within the duration of an incident ultrashort pulse.
Together with simultaneous collapse of resonance bandwidth, this may lead to in-
teresting pulse shaping effects. Using a second pump pulse one could control the
absorber characteristics to compensate dynamically for group-delay errors of ultra-
short pulses. This could be used, for example, to accommodate environment-induced
changes in the chromatic dispersion of the fiber.

Chirped fiber Bragg gratings commercially available generate the anomalous disper-
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sion far above the value needed for a typical fiber laser. The amount of dispersion to
be compensated in fiber lasers is approximately 100 times lower than that required
for telecom applications. It is a very challenging task to fabricate highly reflective
broadband gratings with such low dispersion. The small group-delay ripple and chirp
linearity across the reflection band of the CFBG necessitates very fine control of the
writing conditions. Nevertheless, compact all-fiber systems for a variety of operation
regimes have been demonstrated recently [169, 170, 176, 177]. The problems with
narrow bandwidth and too large values of anomalous dispersion still hinder CFBGs’
applicability to sub-picosecond soliton fiber lasers. With advances in fabrication,
they may still become a serious candidate for these systems as well.

Fiber tapers can offer high enough dispersion to compensate for about 1m of standard
single-mode fiber at 1 ym. The low insertion loss and the small value of TOD are clear
benefits of the technique. The increased nonlinearity due to the small core sizes may,
however, limit their use in high power applications. With improvements in reliability
and packaging, tapers have a clear potential for all-fiber dispersion compensation in
short-cavity fiber lasers.

The amount of dispersion generated by the properly designed index-guiding PCFs is
well suited for fiber lasers. The increased nonlinearity due to the small core sizes still
limits their applicability. Photonic bandgap structures enable even greater freedom in
tailoring the fiber parameters. For instance, in hollow-core PBG fibers the nonlinear-
ities are practically avoided. Unfortunately, they suffer from poor matching with the
standard fibers and, consequently, may generate high intracavity loss. Particularly in
a mode-locked laser cavity, a hollow-core PBG fiber spliced with standard fiber could
provide Fresnel back-reflection which affects badly the mode-lock starting capability
and quality of the pulse operation. Thus, they are better suited for extracavity pulse
stretching and compression. Good matching with the standard fiber can be achieved
by using solid-core PBG fibers. Furthermore, SC-PBG fibers are all-solid structures
that exhibit no surface modes and allow for high anomalous dispersion with reduced
non-linear effects as compared with index-guiding PCFs. One major limitation to
the pulse width and quality may still arise from the very high third-order dispersion
generated in the SC-PBG fibers.

To date, SC-PBG fibers offer one of the most promising "all-fiber" alternatives to the
bulk gratings used for intracavity dispersion compensation in short-wavelength fiber
lasers. The possibility of using the ytterbium-doped PBG fiber simultaneously as the
gain medium and the dispersion compensator gives additional value to the technique.
It is clear that very compact femtosecond lasers can be realized using this approach.
In general, PBG fiber systems have a great potential, but the technology is not fully
matured yet and further improvements are still needed.



6. CONCLUSIONS

This dissertation presents results on ultrashort pulse generation in fiber lasers using
semiconductor saturable absorbers and novel techniques for dispersion compensa-
tion. The main achievements of the work include:

Two promising approaches for semiconductor saturable absorbers were de-
scribed. First, the reverse-biased saturable absorber mirror allows to adjust
both the level of absorption saturation and the recovery time. The possibility
to tune the absorber parameters electrically offers good mode-locking start-up
capability together with enhanced picosecond pulse shaping in the same de-
vice.

In the second approach, a transmission-type saturable absorber was imple-
mented in a ring cavity ytterbium fiber laser. With this geometry, the resonantly
enhanced modulation depth of the absorber matches the high transmission low-
loss regime. This allowed for reliable start-up of mode-locking without any
additional wavelength-selective elements in the fiber cavity.

An absorptive semiconductor Gires-Tournois interferometer can also be used
as an optically tunable delay line. The device can provide very high amounts of
dispersion, but only at a cost of high loss and narrow spectral bandwidth. Due
to these limitations, it was concluded that absorptive GTIs or other D-SAM-
type devices are not particularly well suited for dispersion compensation in
mode-locked fiber lasers. However, this type of component may find other ap-
plications as adaptive group-delay error compensators in high-speed all-optical
signal regeneration or as optical delay lines in slow light experiments.

Two mode-locked soliton lasers utilizing novel solid-core photonic bandgap
fiber were demonstrated. The first system confirms the capability of a pho-
tonic bandgap fiber to compensate for intracavity dispersion in fiber lasers.
This kind of an all-fiber approach is advantageous due to its simplicity and ro-
bustness compared with the techniques that use free space optics such as grat-
ing pairs. In the second laser system, a solid-core ytterbium-doped photonic
bandgap fiber is used as both the gain medium and the dispersion compensator,
simultaneously. The integration of two functions in one cavity element allows
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for compact, high repetition rate soliton fiber lasers operating at 1 um. This
approach represents a significant step towards a practical laser design.

I expect these results to be useful in realizing new reliable fiber sources for various
applications where ultrashort laser pulses are needed.
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APPENDIX A: REFLECTIVITY AND GROUP DELAY OF AN
ABSORBING GTI

The derivation of amplitude (Eq. 5.2) and phase (Eq. 5.3) response of an absorbing
GTI is presented in this appendix. The procedure follows the Stokes notation used
for example in [178].

The incoming field is denoted as Eye’®, where E is the amplitude of the field and
o is the optical frequency. The top mirror amplitude-transmission coefficients are
represented by 7 for the amplitude of a wave transmitted into the GTI and ¢’ for
the amplitude leaving the structure. The external and internal amplitude-reflectivity
coefficients are r and 7/, respectively. They are related as r = —r/, where the minus
sign indicates a phase change by 7. In addition we can write ¢/ = 1 — r2. The round-
trip amplitude-attenuation in the resonator is represented by a.

Following the illustration in Fig. A.1 the components of the reflected field can be

E, E,r Eqtt’  Eatr’'t’

Ejt Eqatr’

Fig. A.1. Origin of the reflected field components in an absorbing GTI.
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written as
Ei, = Egre'™
Es, = Egatt'&/(@ =)
E3r _ anztr/t/ei(wt—%)

E4r _ E0a3tr/2t/ei(mt736)

ENr _ EOaN_ltr/N_zt/ei((m_(N_l)&.

The phase change between adjacent field components & = @ — wry, where t is the
round-trip time of the cavity. The phase change ¢ on the back mirror is let be a free
variable. Typically it is also set equal to .

The total reflected field is
B, = By 4 Boy+ sy -+ By ..
= Epe'® [r+ att'e ™0 + Pt e 20 4 . y
= Eoe'™ [r+ art'e (1 4+ar'e™® +a*r?e ™ 4 . )]

The geometric series in parentheses converges to the finite sum 1/(1 —ar’ ¢~®). Thus,
E, reduces to form

E, = Ege™ |r+

a(l— rz)e_i8
[ r+ae ™

att'e™® }

= Eoe'™ |r+

— Eoei(l)t

where also the relations 7 = —r and ##/ = 1 — r? are used. The term in square brackets
is the transfer function ¥ of an absorbing GTI.

The amplitude and phase variations of the transfer function can be separated as fol-
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lows:
r4ae™™
r+a(cosd—isind)

1 +ar(cosd—isind)
[1+ar(cosd+isind)][r+ a(cosd—isind)]
(1+arcosd)?+ (arsind)?
(@®>+1)r+a(l1+r*)cosd—ia(l —r*)sind

B 1+ (ar)?+2arcosd

_ ‘\P| ei<I>(8).
The power reflectivity of the GTI structure is given by

Rori(w) = [P = ¥~
(r+ ae ®)(r+ ae®)
(1 +are=®)(1 +ared)
24 a®+ar(e ® 4 €?)
Tl (ar)? +ar(e® + i)
r? +a®+2arcosd
Tl (ar)?+2arcosd
_ R+A+2vARcos(¢— o)
"~ 14+AR+2vARcos(¢ — ory)

On the last row the amplitude quantities » and a have been replaced with their inten-
sity counterparts A = a®> and R = r?. Also the round-trip phase term & is changed to
¢ — oty This is the final form used in Eq. 5.2. The same formula has been presented
in several different ways in literature [148, 149, 150].

For the total phase ®(J) we have

3(®) —a(1—r*)sind

PO = (@) ~ @+ Drta(l + 058

Now Eq. 5.3 follows immediately after substitution of the intensity and phase quan-
tities:

®(e) = tan”"! ( —V/A(1 = R)sin(¢ — o) > '

(A+1)VR+ VA(1 +R)cos(9 — rp)
The effect of absorption on the total phase is best understood by drawing a phasor di-

agram. For a nonabsorbing GTI, the amplitude E,; and phase @, of the total reflected
field result from the components in the way illustrated in Fig. A.2 (a). When the ef-
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fect of absorption is included, the total reflected amplitude is changed to E,, and the
total phase to @, as shown in Fig. A.2 (b). Despite the fact that the phase difference
d between the components remains unchanged, the resultant phases ®; and ®; are,
indeed, not equal.

Finally, the group delay time T is derived by taking the derivative —d®/dm.

Fig. A.2. Phasor diagram of (a) a nonabsorbing GTI and (b) an absorbing GTI. The angle &
depends on wavelength.
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We report on a monolithic Gires—Tournois semiconductor interferometer used to generate a tunable
delay. Controllable saturable absorption in optically pumped multiple-quantum-well semiconductor
reflector was shown to provide promising means for rapid changing the group delay of the reflector,
and represents an attractive form of dynamic dispersion compensatioB00® American Institute

of Physics. [DOI: 10.1063/1.1569990

Dynamically tunable dispersion is an important issue forwhole structure was capped with Lin InP and 10 nm In-

ultrafast technologies including optical communication sys-GaAs

tems operating at channel transmission rates above 40 Gbit/s. It is usually assumed that there is no loss in a Gires—
Thin-film dielectric Gires—Tournois interferometef&TIs)  Tournois interferometer used for pulse compression and dis-
are widely used to compensate highly chirped ultrashorpersion compensatioif. However, one can show that GTI
pulses. Large amounts of negative group delay dispersiofifoup delay and, therefore, its dispersion depend strongly on
provided by the GTI are essential in mode-locked lasers i€ cavity 10ss. It is then obvious that saturable absorption
order to compensate for normal dispersion. The GTI can p@rovides an attractive mechanism for tunable dispersion. The

easily made to offer 3 orders of magnitude higher dispersioff@nsfer function of a GTI can be presented k¢w)

. . L . = el ®(@) with
than a prism pair, although over a limited bandwidth. It
should be no.ted.that QTI dispersion depends on the caylty Ja(1-R)sin ¢ — wty)
loss. By placing intensity-dependent or saturable absorption tan®)= ,
into the GTI cavity, one can achieve a mechanism for tunable (a+1)VR-a(1+R)cog o= wto)

dispersion. In this letter, we explore an approach combininghereR is the reflectivity of the front mirrorg is the phase
microcavity with epitaxially grown semiconductor multiple change on reflection from the high reflectivity back mirror,
quantum wells (MQWSs) to generate tunable delay. To gndt, is the round-trip time of the interferometer. The loss
achieve large optical nonlinearity in the surface-reflectionterm is given bya=e2%¢, wheree is the linear absorption
device, a GTl representing a low-finesse FabryePgeom-  coefficient andd the distance between GTI mirrors. The
etry composed of a pair of asymmetric mirrors separated bygroup delay time of the GTl is calculated by differentiating
MQW saturable absorber section was expldré@ispersion ®(w). At the cavity resonance wavelength group delay re-
compensators based on surface-normal MQW structuresuces to form

have a great potential because they allow for realizing com-

pact polarization-independent devices capable of high-speed - (1-R)tg

tuning and low insertion loss. We studied a monolithic 1+R—(Va+1ha)\R’

vertical-cavity GTI structure operated in reflection as a tun- )

able dispersion compensator in the 1/ spectral range. |t can be easily seen that group delay depends on the GTI
Since the group delay of the GTI depends on the cavity losPSOrption, moreover, it changes the sign from negative to
the intensity-dependent absorption in MQW material wagd?©Sitivé whena passes the valug.

employed to control by the optical pumping, the GTI reflec- . Int th_e exseritr)Tenthg G'I;Lwas tuseglfor SynaTic disfpfr:-
tivity, and consequently, the device dispersion. sion tuning by ‘bleaching the saturable avsorption ol fhe

Our devices were grown by the solid-source moIecuIarMQW structure using optical excitation. The structure was

. . optically pumped with 980 nm pigtailed laser diode butt
beam epitaxy method..They con3|st.ed of a,.G)ni. InP buffer coupled with the GTI mirror. The tunable probe signal near
layer and a Burstein—Moss shifted distributed Bragg

2 ) ; 1550 nm wavelength was combined with pump light by a
reflector made of 19.5 pairs oh/4 n"-Ga.adNosAS/INP ajactive coupler and the group delay was analyzed through
layers. The saturable absorber structure witifa8r groups optical circulator using a conventional phase-shift

of seven 9 nm thick G@ 47Ng s3AS/10 nm InP quantum wells  echniqué Figures 1a) and Ab) show measured and com-
was placed into the impedance-matched cavity to achievgyted group delays of the GTI mirror as a function of wave-
high pump-induced reflectivity. The reflectivity for the top |ength around the cavity resonance, respectively. To compare
dielectric mirror provided impedance-matched cavity wasthe group delays at different pump powers, the actual spectra
found from absorption measurements to be~@0%:" The  were shifted to have the cavity resonances at the same value.
This was done to compensate for the temperature-induced
“Author to whom correspondence should be addressed; electronic maifift in the position of the cavity resonance with increased
antti.isomaki@orc.tut.fi pump power. The thermapositive) nonlinearity is dominant

0003-6951/2003/82(17)/2773/2/$20.00 2773 © 2003 American Institute of Physics
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@) FIG. 2. Calculated and measured dispersion against pump power near cavity
T T T resonance.
20 | a = exp(-2ad) = \ (calculated)]
0.561 : . L
15-_ _ 5501 i"- 1 due to absorption bleaching 8D =0.43 ps/nm for a GTI
Q 10f==--* 0.612 PN . with d=15 um andR=0.7. If the top mirror reflectivity was
> sl " 0.653 z ‘:\ ) changed toR=0.9, the maximum variation in dispersion
g 0 - 0.681 N could be further increased thD =5.6 ps/nm. However, at
e the same time the optical bandwidth decreases freinto
3 ~0.5 nm. Therefore, the magnitude of dispersion variation
should be optimized depending on required bandwidth and
available loss budget. It should also be mentioned that near
impedance-matched GTI, the pump-induced dispersion can

10 05 0.0 05 1.0 change its sign, i.e., the dispersion can be switched from
Normalized wavelength, nm normal dispersion to anomalous and vice versa. The new
(b) form of dynamic dispersion compensation based on control-
lable saturable absorption in optically pumped multiple
FIG. 1. () Measured anéb) computed group delays of GTl as a function of ¢, antum well semiconductor reflector provides a promising
wavelength around the GTI cavity resonance. . .
means for rapidly changing the group delay and can be use-
ful for ultrafast technologies including optical communica-
over the carrier-induced refractive index changes with the&ion systems operating at channel transmission rates above
continuous-wave laser used for pumpfh@he net wave- 40 Gbit/s.
length shift of +0.75 nm in the position of the GTI reso- In conclusion, a nonlinear semiconductor mirror was
nance was observed for pump powers between 36 and 95demonstrated for dynamic dispersion compensation. The
mW. It should be noted that the thermal shift of the reso-compensator is an optical device based on the intrinsically
nance can also be used for changing the dispersion on pdast nonlinear optical processes, which would perform opera-
ticular wavelength at low speeds, however. tions at very high speeds. The microcavity effect in the form
It can be seen that there is a good agreement betweesf a Gires—Tournois interferometer allows for the enhance-
theory and experiment. At the cavity resonance, the opticanent and manipulation of dispersion. The use of GTI pro-
field is trapped in a spacer layer containing a MQW saturableides a very simple scheme for large and rapid dispersion
absorber resulting in the highest group delay. In additiontuning since the MQW saturable absorber allows for recov-
close to cavity resonant wavelength due to the strong intefery time of ~1 ps. By choosing semiconductor absorber ma-
action of the optical field with the absorber, the semiconducterial and its thickness, it is possible to make resonant Gires—
tor Gires—Tournois interferometer provides for a largeTournois interferometers to compensate dynamically for
change of group delag+20 pg with the change in the pump quadratic group-delay errors of ultrashort pulses. Optimized
power fromP=36 to 95.5 mW. Figure 2 shows dispersion GTl-based dispersion compensators can also be used in high-
versus pump power near the cavity resonance. The slope gpeed data transmission to accommodate environment-
the group delay/pump dependence correspondd@bddP  induced changes in the chromatic dispersion of the fiber link.
~45 ps/inm/mW at a pump power ef67 mW. A singular
point in the D(P) dependence at pump powBr=76 mW 1J. F. Heffernan, M. H. Moloney, J. Hegarty, J. S. Roberts, and M. White-

it ; head, Appl. Phys. Let68, 2877(1991).
corresponds to the conditian=R, at which the group delay Xiangpo. é’ ORhothon A(‘ Va?niohm M. Guina. and M. Pessa

changes its Si_gn' ) ) ) ) Electron. Lett.37, 374 (200)).
GTI exploiting saturable absorption for dispersion tuning 3r. Gires and P. Tournois, C. R. Acad. Sci., Ser.258 6112(1964.
provides a certain amount of losses because the very operéJ- Kuhl and J. Heppner, IEEE J. Quantum Electi22.182 (1986.

; . ; Fiber Optic Test and Measurememtdited by D. DericsoiiPrentice-Hall,
tion principle of the compensator requires the presence of Englewood Cliffs. NJ, 1998

nonlinear absorption in the cavity. If we limit the value of sy 1 Moloney, J. F. Heffernan, J. Hegarty, R. Grey, and M. Whitehead,
device losses to 3 dB, the achievable variation in dispersion Appl. Phys. Lett63, 435(1993.
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Self-starting mode-locked fiber laser using biased semiconductor
absorber mirror

A. Isomédki*, A. Vainionpii, S. Suomalainen, O.G. Okhotnikov
Optoelectronics Research Centre, Tampere University of Technology,
P.O. Box 692, FIN-33101, Tampere, Finland

ABSTRACT

We present an erbium-doped fiber laser mode-locked using a reverse-biased InGaAsP multiple quantum-well saturable
absorber. We have examined the performance of a p-type—intrinsic—n-type (PIN) structured semiconductor absorber
mirror both in starting the pulse operation and in pulse shaping. We have also found that applying a reverse bias is a
useful means to suppress the Q-switching instability. By varying the reverse bias voltage applied to the absorber mirror,
we could change the recovery time of the device owing to the electric-field-induced carrier sweep-out. Through the
sweep-out process we were able to control the mode-locking start-up capability and the pulse duration of the fiber laser.
In the experiment the mode-locked pulse duration could be reduced from 50 to 20 ps by application of an 80 kV/cm
sweep-out field in the intrinsic region of the PIN absorber. The equivalent spectral broadening by a factor of 2.5 was
observed as well.

Keywords: Fiber laser, mode-locked laser, reverse bias, carrier sweep-out, quantum-well devices
1. INTRODUCTION

Semiconductor saturable absorbers mirrors (SESAMs) have been used successfully to initiate and to sustain mode-
locking in a wide range of fiber lasers'™. The main advantage of the SESAM is the possibility to control important
parameters such as absorption recovery time, saturation fluence and insertion loss through the device design, growth
conditions and heavy ion implantation. Exploiting the SESAM as a cavity mirror in the fiber laser results in compact
size, environmentally stable and simple ultrashort pulse sources that can cover wide wavelength range and generate
optical pulses with durations from picoseconds to femtoseconds.

The study of the semiconductor reflectors has revealed that mode-locking of the laser can be initiated and stabilized by
the saturation dynamics of a slow absorber. However, the pulses develop a trailing wing due to the slowly recovering
absorber; therefore, an absorber with a fast response is still desirable. The response speed of the semiconductor
absorbers can be increased by introducing capture and recombination centers during or after epitaxial crystal growth™ °.
Low-temperature growth or post-growth heavy-ion irradiation are most popular methods of reducing the recovery time
of the saturable absorption.

Another approach for controlling the recovery time of the semiconductor absorber has been demonstrated by placing it
into a p-i-n structure that allows exploiting the sweep-out process for reducing the recovery time’. In p-i-n absorbers, the
sweep-out of carriers from the active region is the main process that determines the device speed. P-i-n structures
provide an attractive flexibility in controlling both the amount of absorption and its response time®'’. Reverse biased
absorbers are broadly used in monolithic edge-emitting mode-locked semiconductor lasers''. In this Letter, we
demonstrate that absorbers based on the p-i-n structure can efficiently mode-lock a fiber laser. The pulse width can be
conveniently adjusted by changing the reverse bias applied to the p-i-n absorber mirror.

2. DEVICE GEOMETRY

The device structure was grown by solid-source molecular beam epitaxy on an n-InP substrate. The reflector consists of
19.5 Burstein-Moss shifted, A/4 n™-Gayg 47Ing s3As / n'-InP layers, fabricated as described in ! The DBR reflectivity was

*antti.isomaki@orc.tut.fi; phone +358 3 3115 3432; fax +358 3 3115 3400; http://www.orc.tut.fi/



measured to be ~98 % in the spectral range from 1.525 to 1.580 um. The absorber includes five 0.85 % compressively
strained 11.5-nm thick undoped InGaAsP quantum-wells separated by 20-nm InGaAsP barriers lattice matched to InP,
and a 220-nm separate confinement heterostructure with the same composition as the barriers. The photo-luminescence
peak wavelength of the quantum wells was positioned close to the long-wavelength edge of the DBR stopband at
A~1600 nm. The active region is sandwiched between two InP cladding layers. The n-type cladding consists of 1.5 um
InP with n=1x10"® cm™ and the p-type cladding is composed of 2 um InP with px1x10" cm™. An In,s;Gag4As cap
layer with p~1.5x10" cm™ was used for the p-contact. The structure was prepared in a single growth step. The mirror
structure was completed using standard photolithography and wet chemical etching with SiO, used for electrical
insulation. The optical window on the top of the reflector has a diameter of 30 um. The p'-InGaAs contact layer was
etched away in the optical area defined by the window in order to avoid signal absorption outside the MQW absorber
region. The absorber structure was used as one of the mirrors in a linear cavity erbium-doped fiber laser.

3. EXPERIMENT

The SESAM was studied in a fiber laser test bed that was constructed to examine the performance of the mirror in both
starting the pulse operation and pulse shaping. This was achieved by minimizing the nonlinear effects and avoiding
polarization-dependent components in the cavity to prevent pulse shaping through nonlinear polarization rotation. The
soliton shaping could be prevented by using the erbium-doped fiber with normal dispersion and purposely made
components fabricated of dispersion-shifted fiber. The fiber Fabry-Perot cavity is comprised of 2.8 m of erbium-doped
fiber having dispersion of -6 ps/nm/km, 0.5 m of dispersion shifted fiber, 0.4 m of Corning Hi1060 WDM coupler fiber
with dispersion of 8 ps/nm/km. Additional 3.3-m long segment of SMF-28 fiber with dispersion of 17 ps/nm/km was
used optionally when the cavity with overall anomalous dispersion was needed. The fiber ends were angle-polished to
eliminate the influence of the Fresnel reflection. AR-coated aspheric lenses with focal lengths of 2.0 mm were used to
focus the beam on the p-i-n absorber served as a cavity mirror. A 90%-reflectivity mirror was used as another cavity end
reflector and output coupler. The laser was pumped with a single-mode grating-stabilized laser diode, which provided a
power of 120 mW at 980 nm. The laser cavity has the fundamental repetition rate of ~13.5 MHz.

Summarizing the experimental observations made with a number of p-i-n mirror structures studied, we deduce that
passive mode-locked operation can be achieved with an appropriate optimization of the beam spot size at the p-i-n
absorber. By varying the bias voltage it is possible to adjust both the amount of the absorption and the recovery time of
the absorber mirror and increase the pulse quality. The current through the p-i-n structure was negligible (<1 mA);
therefore, thermal effects are expected to be insignificant for the mirror performance.

ov 0.6V

12V 18V

A

Fig. 1. Oscilloscope traces of the laser output obtained with different reverse bias voltages (0.5 ps/div).
With applied voltages above 1.8 V the cw mode-locked operation was achieved without Q-switching
instability.



Fig. 1 shows the measured reverse bias dependent operation regimes of the fiber laser. As expected, the reverse bias
voltage applied to the p-i-n absorber significantly influences the dynamic properties of the laser. At 0 to 1.2 V biases,
the laser output shows the waveform corresponding to Q-switched mode-locked operation. For reverse biases higher
than 1.2 to 1.8 V, depending on the absorber sample and alignment, the laser starts cw mode-locked operation. Self-
starting mode-locking to a single pulse per round trip was observed at a launched pump power up to 120 mW for reverse
biases above the start-up value V.

The p-i-n mirror characterization was carried out by measuring the device photocurrent as a function of the reverse bias.
The bias and, therefore, operating regime dependent photocurrent is shown in Fig. 2 for the pump power of 100 mW.
With an increase in the reverse bias, the laser operates first in the Q-switched mode-locking until the bias reaches the
value of V(=1.8 V, as was shown in Fig. 1. Above V| the recovery time of the absorber becomes fast enough to enable
self-starting cw mode-locking. The onset of cw mode-locking is manifested as an abrupt decrease in the photocurrent
indicating a reduction (bleaching) of the mirror absorption provided by the pulse train with high repetition rate.
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Fig. 2. Photocurrent generated in the p-i-n structure as a function of reverse bias. The abrupt changes in
photocurrent at 1.8 V and 0.4 V correspond to the start-up and turn-off of the cw mode-locked (ML)
operation, respectively.

A mode-locking hysteresis is usually observed versus pump power'”. Similar behavior was found here by varying the
reverse bias, as seen from Fig. 2. With a decrease in the reverse bias from a high value down to 0.4 V, the p-i-n absorber
mirror sustains its highly saturated state corresponding to mode-locked operation. Below 0.4 V the recovery time of the
absorber becomes too long to support short pulse formation. Mode-locking turns off and the absorber jumps into the
high absorption state distinguished as a regime with a high value of photocurrent.

Fig. 3 presents the pulse characteristics for the bias above the mode-locking start-up voltage V,. A decrease in pulse
duration and equivalent spectral broadening up to the factor of 2.5 were observed with an increase in the bias. The pulse
durations were derived from the autocorrelation traces assuming a double exponential pulse shape, which provided the
best fit to the experimental data. Fig. 4 points out how the pulses evolve at various bias values. The inset shows the
optical spectrum of the pulses obtained at V-V=4.5 V, corresponding to the electrical field of 80x10® V-cm™ in the



absorbing region. The corresponding change in the absorption with the reverse bias was too small to be measured
directly, especially in situ condition, and, therefore, did not play essential role in the pulse width reduction. Thus, tuning
the reverse bias voltage provides a convenient method for adjusting the recovery time of the absorber mirror.
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Fig. 3. Measured mode-locked pulse duration and pulse bandwidth as a function of reverse bias applied to
the p-i-n absorber mirror. V is a voltage of cw mode-locking start-up.
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Fig. 4. The evolution of the pulses at different reverse biases. The inset shows the optical spectrum
corresponding to the bias V-Vy=4.5 V.



4. CONCLUSIONS

In conclusion, we have used a reverse-biased InGaAsP multiple quantum-well reflector to mode-lock an erbium-doped
fiber laser. By varying a bias applied to a p-i-n absorber structure, we could change the recovery time of the device
owing to the sweep-out process and, consequently, control the mode-locking start-up capability and pulse duration. We
were able to adjust the mode-locked pulse duration from 50 to 20 ps by increasing the reverse bias. We have also found
that applying a reverse bias is a useful means in suppression the Q-switching instability.
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Fiber Laser Mode-Locked With a Semiconductor
Saturable Absorber Etalon Operating in Transmission

Antti Isomiki, Mircea D. Guina, Pietari Tuomisto, and Oleg G. Okhotnikov

Abstract—We demonstrate a ring cavity ytterbium fiber laser
mode-locked with a semiconductor saturable absorber used in
transmission. The resonant cavity-enhanced nonlinear response
corresponding to the low-loss transmission state enables a robust
self-starting mode-locking. Such a transfer function is opposite
to that of the resonant absorber operating in the reflection mode,
where the highest modulation depth matches the high-loss state.
The device ensures ultrashort pulse operation with the wavelength
self-adjusted to the optimal value corresponding to the low-loss
state of the laser cavity. When using a saturable absorber etalon
in transmission mode, the mode-locking mechanism is also highly
tolerant to the total cavity dispersion.

Index Terms—Mode-locked lasers, optical fiber lasers, quantum-
well devices, ultrafast optics.

1. INTRODUCTION

ATURABLE absorbers are nonlinear optical elements that

impose an intensity-dependent attenuation on a light beam
incident upon them; an incident radiation of low intensity is ab-
sorbed, while a high intensity radiation passes the saturable ab-
sorber with much less attenuation. These devices have found
applications in a large variety of fields. In particular, passive
mode-locking based on semiconductor saturable absorber is a
powerful technique to produce short optical pulses with a rather
simple architecture of the laser cavity [1]-[3].

Typically, a semiconductor saturable absorber is fabricated
on top of a high-reflective semiconductor, dielectric or metallic
reflector forming a semiconductor saturable absorber mirror
(SESAM) [4]. The nonlinear properties of an absorber used
in mode-locked lasers can be enhanced by placing it within a
Fabry—Pérot cavity. The parameters of such an absorption etalon
are largely determined by the cavity length and the position of
the active material within the cavity. If the operation wavelength
is substantially detuned from the cavity resonance, the device
has an antiresonant behavior. Thus, it provides a high reflectivity
over a broad spectral range [5], but the nonlinear reflectivity
modulation depth is relatively small. Advanced SESAM devices
having lower saturation fluence and more control over dispersion
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and the modulation depth than classical SESAMs have been
proposed recently [6]. These devices are particularly suited for
passively mode-locked solid-state lasers. However, for fiber
lasers a higher modulation depth is usually required for reliable
start-up of mode-locking, in particular with high values of total
cavity dispersion [7]. By changing the cavity length, the resonant
wavelength of the etalon can be matched to the laser operation
wavelength. This kind of design has a twofold function. First, the
resonant operation gives a substantial increase in the modulation
depth [8]. Second, a large value of dispersion can be produced
near the resonant wavelength. It has been recently shown that
the amount of dispersion induced by a resonant absorber could
be sufficient to balance the dispersion of a fiber laser cavity [9],
[10]. However, the use of a resonant SESAM exhibiting higher
loss near the resonant wavelength makes the mode-locking
difficult to achieve and forces the laser to operate away from
the spectral range with anomalous dispersion [11]. In order
to operate the laser near the resonant wavelength, the cavity
architectures should employ additional wavelength selective
elements, e.g., optical filters. These problems can be avoided by
using the saturable absorber in a form of a Fabry—Pérot etalon op-
erating in transmission. With this geometry, the cavity-enhanced
modulation depth and the high dispersion values correspond
simultaneously to the high-transmission regime where the laser
would preferably operate.

The semiconductor saturable absorbers operating in transmis-
sion demonstrated so far did not exploit the cavity effect [12],
[13]. In this letter, we demonstrate the attractive potential of
such an absorptive transmission etalon (ATE) for mode-locking
fiber lasers. The transmission mode ensures a high modulation
depth needed for mode-locked fiber lasers and can be naturally
implemented in a ring cavity. Particularly, we show that an ATE
is able to initiate passive mode-locking in a laser with an arbi-
trary amount of cavity dispersion.

II. ATE DESIGN AND CHARACTERIZATION

The ATE consists of an absorber region and spacer layers
sandwiched between two distributed Bragg reflectors (DBRs).
The bottom DBR is made of 3.5 pairs of quarter-wave 89.3-nm
AlAs/75.65-nm GaAs layers. The absorber region comprises six
6-nm InGaAs quantum wells with 15-nm GaAs barriers. The
top DBR is comprised of 4.5 pairs of AlAs—GaAs. Two 126-nm
GaAs buffer layers surrounding the absorber region set up the
length of the ATE cavity and, therefore, define the resonant
wavelength and the position of the absorber region in respect
to the maxima of the standing-wave pattern of the optical field
within the cavity. The semiconductor substrate of the etalon was
antireflection-coated to avoid unwanted Fabry—Pérot effects be-
tween the absorber mirrors and the substrate—air interface. Be-
fore coating, the substrate was thinned down to 30 um by wet

1041-1135/$20.00 © 2006 IEEE
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Fig. 1. Calculated and measured transmission spectrum and group-velocity
dispersion of the ATE with resonance at 1050 nm.
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Fig. 2. Schematics of (a) the ring-cavity fiber laser setup and (b) all-fiber cou-
pling geometry of an ATE.

etching. The saturation fluence of the ATE was measured to be
~20 pJ/em? and the modulation depth was ~10%. Growth con-
ditions ensured an absorption recovery time of about 40 ps.

Fig. 1 shows the transmission spectrum and group-velocity
dispersion of the etalon. The dispersion was measured using a
phase-locked interferometer similar to that described in [14].
Both the measurement and the numerical modeling indicate a
transmission increase at the resonant wavelength of 1050 nm.
Due to the short cavity length of the etalon, the induced disper-
sion of <2 fs/nm is low and it cannot affect the total cavity dis-
persion significantly. The modeling agrees well with the mea-
sured data.

III. LASER PERFORMANCE

Fig. 2(a) shows the setup of the mode-locked fiber laser
employing the ATE as the mode-locking element. The gain
medium was a 50-cm-long ytterbium-doped fiber with ab-
sorption of 414 dB/m at 976 nm. The ytterbium-doped fiber
was pumped with a 980-nm laser diode delivering a power
up to 130 mW. The ring laser cavity contained an optical
isolator to ensure unidirectional propagation, a 980/1050-nm
pumping fiber coupler, a 6% output coupler and a polarization
controller. The cavity dispersion was adjusted by using a pair
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Fig.3. Low intensity transmission spectrum of the ATE (top) and mode-locked
pulse spectra for different grating separations. The traces have been shifted for
clarity.

of 1250-lines/mm transmission gratings that inflicted the loss
of ~1 dB. In a mode-locked state when the absorption is
being completely saturated, the ATE had a Q-factor of 40 with
an insertion loss of ~1.5 dB for the lens coupling geometry
shown in Fig. 2(a). Fig. 2(b) shows the all-fiber butt-coupling
geometry of the etalon that we used in a compact laser without
the grating pair compensator. The estimated insertion loss in
this coupling scheme was found to be close to that measured
for the setup presented above in Fig. 2(a). Stable mode-locked
operation supported by the ATE could be initiated by adjusting
the polarization inside the cavity. Once started, mode-locked
operation was stable for hours. Polarization-dependent loss of
the grating pair suggests that nonlinear polarization evolution
is a dominant pulse shaping mechanism, while the ATE plays
mainly the role of robust trigger of passive mode-locking.
The pump power threshold for self-starting mode-locking was
100 mW. The overall cavity length was about 6.5 m which
corresponds to a fundamental pulse repetition rate of 31.4 MHz.
The laser delivered an average output power of ~1 mW.

Fig. 3 shows the output pulse spectra of the laser for different
values of total cavity dispersion. As expected, the laser operates
in the wavelength region close to the transmission maximum of
the absorber. The slight shift from the resonance to the shorter
wavelengths is most likely due to the nonuniformity of the gain
spectrum. With a grating separation of 22 mm, the total cavity
dispersion was normal with a value of —30 fs/nm and resulted
in a very broad square-shaped spectrum with the bandwidth of
21.8 nm, indicating a stretched pulse operation. With an increase
in the grating separation, the cavity dispersion becomes anoma-
lous and, consequently, the laser switches to soliton pulse oper-
ation with the characteristic sidelobes in the spectrum. Without
dispersion compensation, the laser operates in stretched pulse
regime with a 3-dB spectral width of 4.2 nm. The corresponding
autocorrelation traces for three grating separations are shown in
Fig. 4. These traces, taken from the output coupler shown in
Fig. 2, correspond to strongly chirped pulses.

Since the pulse duration and chirp vary along the fiber cavity,
we measured the pulses also at the output of the grating compen-
sator. In this experiment the gratings with 29-mm separation set
the operation wavelength to 1050 nm. The external pulse com-
pression in a fiber pigtail with dispersion of —40 fs/nm/m proves
that the chirp is linear. At the output of a 4-m-long fiber the pulse



2152

(a) n
Tpu|se—3.28 ps
hbubsailstullnka
EMMWW%%WMWWMW#W“%
(b) T T T T T

‘Cpulse=1 22 ps

(©)

Normalized amplitude (arb. units)

A "

-3 -2

i

Time (ps)

Fig. 4. Interferometric autocorrelation traces for three different grating separa-
tions: (a) 22, (b) 31, and (c¢) 37 mm. White curves show the Gaussian fit to the
intensity autocorrelation.

0.50
0.45

0.40

Pulse duration (ps)
o
w
[¢)]

0.20 .

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Fiber length (m)

Fig. 5. Pulse duration measured at the output of the grating compensator as a
function of the length of the external fiber delay line.

sl i
5
Q- - =200 fs
8 oul
zr AL=6.6 nm 7
2l 4
2
5 |
£ L L L
1040 1050 1060

Wavelength (nm)

Normalized amplitude (arb. units)

-1.0

-0.5 0.0 0.5 1.0
Time (ps)

-1.5

Fig. 6. Autocorrelation of the shortest pulse obtained using a 4-m-long fiber
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was compressed from 1.6 ps down to 200 fs, as shown in Fig. 5,
while the pulse spectra remained essentially unchanged. The au-
tocorrelation of the shortest pulse obtained at the output of the
fiber delay line is shown in Fig. 6. The corresponding spectrum,
shown in the inset of Fig. 6, indicates near-transform-limited
pulses with the time-bandwidth product of 0.36.
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IV. CONCLUSION

An ATE has been proposed for mode-locking fiber lasers.
Contrary to the etalons operating in reflection mode, the low-loss
state in the transmission etalon corresponds to the cavity reso-
nance. Therefore, the operation wavelength sets spontaneously
at the resonance of the etalon without using an intracavity filter
and thus ensures a high modulation depth needed for reliable
self-starting of mode-locking. An ATE could also be designed
to compensate for the fiber dispersion. This option supplies,
however, a limited amount of anomalous dispersion and can
only be applied for short cavity lasers (L < 1 m).

An ATE is particularly attractive for ring cavity lasers. A uni-
directional ring cavity is desirable since it is less sensitive to the
spurious intracavity reflections and, therefore, additionally im-
proves the capability to self-starting mode-locking as compared
to a standing-wave laser cavity.
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Abstract: We exploit an anomalous dispersion generated by a solid-core
photonic bandgap fiber for dispersion compensation in an ytterbium fiber
laser passively mode-locked with a semiconductor saturable absorber. The
bandgap-guiding fiber, adequately compatible with standard fiber based on
guiding via total internal reflection, allows for an environmentally robust
all-fiber subpicosecond soliton oscillator at 1 pm.

©2006 Optical Society of America

OCIS codes: (060.2340) Fiber optics components; (140.3510) Lasers, fiber; (260.2030)
Dispersion; (320.7090) Ultrafast lasers

References and links

1.

10.
11.

12.

B. C. Collings, K. Bergman, S. T. Cundiff, S. Tsuda, J. N. Kutz, J. E. Cunningham, W. Y. Jan, M. Koch,
and W. H. Knox, “Short cavity erbium/ytterbium fiber lasers mode-locked with a saturable Bragg
reflector,” |EEE J. Sel. Top. Quantum Electron. 3, 1065-1075 (1997).

F. O. llday, J. R. Buckley, H. Lim, F. W. Wise, and W. G. Clark, “Generation of 50-fs, 5-nJ pulses at 1.03
um from awave-breaking-free fiber laser,” Opt. Lett. 28, 1365-1367 (2003).

L. A. Gomes, L. Orsila, T. Jouhti, and O. G. Okhotnikov, “Picosecond SESAM based ytterbium mode-
locked fiber lasers,” |IEEE J. Sel. Top. Quantum Electron. 10, 129-136 (2004).

O. G. Okhotnikov, L. A. Gomes, N. Xiang, T. Jouhti, and A. B. Grudinin, “Mode-locked ytterbium fiber
laser tunablein the 980-1070 -nm spectral range,” Opt. Lett. 28, 1522-1524 (2003).

B. Barnett, L. Rahman, M. Islam, Y. Chen, P. Bhattacharya, W. Riha, K. Reddy, A. Howe, K. Stair, H.
lwamura, S. Friberg, and T. Mukai, "High-power erbium-doped fiber laser mode locked by a
semiconductor saturable absorber," Opt. Lett. 20, 471-473 (1995).

R. Herda and O. G. Okhotnikov, “Dispersion compensation-free fiber laser mode-locked and stabilized by
high-contrast saturable absorber mirror,” |EEE J. Quantum Electron. 40, 893-899 (2004).

R. L. Fork, O. E. Martinez, and J. P. Gordon, “ Negative dispersion using pairs of prisms,” Opt. Lett. 9, 150-
152 (1984).

E. B. Treacy, “Optical pulse compression with diffraction gratings,” IEEE J. Quantum Electron. QE-5,
454-458 (1969).

H. Lim, F. O. llday, and F. W. Wise, “Femtosecond ytterbium fiber laser with photonic crystal fiber for
dispersion control,” Opt. Express 10, 1497-1502 (2002).

J. C. Knight, “Photonic crystal fibres,” Nature 424, 847-851 (2003).

D. G. Ouzounov, F. R. Ahmad, D. Muller, N. Venkataraman, M. T. Gallagher, M. G. Thomas, J. Silcox, K.
W. Koch, and A. L. Gaeta, “Generation of megawatt optical solitons in hollow-core photonic band-gap
fibers,” Science 301, 1702-1704 (2003).

F. Luan, A. K. George, T. D. Hedley, G. J. Pearce, D. M. Bird, J. C. Knight and P. S. J. Russdll, “All-solid
photonic bandgap fiber,” Opt. Lett. 29, 2369-2371 (2004).

1. Introduction

Recently, mode-locked fiber lasers have gained an enormous interest owing to their excellent
beam and pulse quality, small footprint and user-friendly operation [1, 2]. The semiconductor
saturable absorber mirror (SESAM) technology has dramatically improved the performance of
mode-locked fiber lasers by providing both robust self-starting and strong pulse shaping
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mechanisms [3-5]. Despite excellent performance reported to date, Yb-doped fiber laser
development remains hindered by the issue of chromatic dispersion compensation. Owing to
both doped and standard single mode fibers exhibiting hormal chromatic dispersion around 1
pm, fiber lasers without proper dispersion management tend to operate at these wavelengths
in a stretched pulse regime associated with long pulse width and problematic start-up of
mode-locked operation [6]. To overcome these problems, normal dispersion of the laser cavity
should be compensated by an appropriate cavity element with anomalous dispersion.
Regularly, dispersion compensation is achieved with bulk optical components such as prisms
[7] and diffraction gratings [8]. These solutions, however, suffer from disadvantages that limit
their applicability to fiber lasers: prisms exhibit too low dispersion and require impractically
large separation, while diffraction gratings are strongly polarization dependent and lossy.
Furthermore, the use of intracavity bulk optical elements violates the “all-fiber” nature of the
laser. Recently, the photonic crystal technology has been used to build dispersion
compensators which allow for robust and all-fiber compact systems [9]. Unlike conventional
optical fibers, photonic bandgap (PBG) fibers do not guide light by total internal reflection but
rely on a photonic bandgap in the fiber's cladding [10]. A hollow-core PBG fiber consists of a
hollow core surrounded by a cladding whose periodicity creates a bandgap for the photons
guided in the fiber's core. Using hollow-core fibers should be useful for high peak power
ultrashort pulse applications[11].

Whereas hollow-core PBG fibers are attractive alternative to bulk elements, they suffer
from poor matching with the standard fibers and, consequently, may generate high intracavity
loss. Particularly in amode-locked laser cavity, a hollow-core PBG fiber spliced with standard
fiber could provide Fresnel back-reflection which affects badly the starting capability and
quality of the pulse operation. Better matching with the standard fiber could be achieved by
using solid-core photonic crystal fibers. These fibers with light guided by tota internal
reflection typically have a solid silica-based core surrounded by a silica-air photonic crystal
cladding [10]. Anomalous dispersion in this type of crystal fiber could be generated with
rather small core diameters. Because of high nonlinearity, these fibers are widely used in
supercontinuum generation, but poor matching with standard fibers prevents using them
inside the laser cavity. An aternative solution is based on a solid-core photonic bandgap fiber
(SC-PBG) made of a pure silica core and an array of higher index (e.g. Ge-doped) strands in
the cladding. Such an all-solid approach has the advantage of easy splicing to a standard fiber.
Furthermore, the structure exhibits no surface modes [12] and alows for high anomalous
dispersion with less critical non-linear thresholds than index guiding photonic crystal fibers.

In this Letter, we report on the use of a solid-core photonic bandgap fiber to compensate
the dispersion of an ytterbium mode-locked laser. We demonstrate that using semiconductor
saturable absorber mirror together with photonic bandgap fiber alows for self-starting all-
fiber mode-locked laser around 1-pum wavelength range.

2. Experimental

The experimental setup of the mode-locked laser is illustrated in Fig. 1. The fiber cavity is
comprised of 1.0 m of ytterbium-doped fiber, 2.7 m of standard single mode fiber and a2.8-m
long segment of SC-PBG fiber. The Y b-doped fiber has an unpumped loss of 414 dB/m at 976
nm and normal group velocity dispersion (GVD) of +0.071 ps/m at 1.04 um. The SC-PBG
fiber has the mode field diameter of 9 um and exhibits anomalous GVD of -0.054 ps’m at
1.04 um. Figure 2 shows the transmission band and dispersion of the SC-PBG fiber. The
inset in Fig. 2 shows the microscope image of the fiber cross-section displaying 10 rings of
Ge-doped rods around the undoped silica core. The transmission loss of the SC-PBG fiber was
estimated from the measurement as 68.4 dB/km and the group birefringence as ~10° at 1.04
um. The 10% output coupler and the dichroic pump coupler were made of single-mode fiber
with normal GVD of +0.023 ps’m and mode-field diameter of 6.4 um. The round-trip
dispersion of this cavity was estimated from measurements to be in the anomalous dispersion
regime for wavelengths longer than 1040 nm. The mode size in the SC-PBG fiber is dlightly
larger than the diameter of the mode field in the core of a standard fiber. It is expected,

#69016 - $15.00 USD Received 16 March 2006; revised 24 April 2006; accepted 26 April 2006
(C) 2006 OSA 15 May 2006/ Vol. 14, No. 10/ OPTICS EXPRESS 4369



980 nm

SESAM Pump/signal pump
Q00 E
HR

multiplexer
Polarization SC-PBGF

Yb-doped Output controller '
fiber mirror

Tunable
filter

Fig. 1. Laser setup with SC-PBG fiber for cavity dispersion compensation. HR mirror — high
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Fig. 2. Transmission (black curve) and dispersion (red curve) of the SC-PBG
fiber used for dispersion compensation. The inset shows the cross-sectional
view of the fiber.

therefore, that optical nonlinearity of the SC-PBG fiber would not dominate the total
nonlinearity in the laser cavity. Despite some mode mismatch, the guided mode of the
bandgap fiber fits quite well the mode of the normal fiber resulting in ~1 dB splice loss with
standard fiber. The other end of the SC-PBG fiber was butt-coupled to a high reflective mirror
in order to avoid further splice loss and any unwanted reflections from the fiber end.

3. Results

The laser was pumped with a single-mode grating-stabilized laser diode, which provided a
power of 120 mW at 980 nm. An antireflection-coated aspheric lens with afocal length of 2.0
mm was used to focus the beam on the absorber mirror. Proper SESAM alignment resulted in
self-starting mode-locking with a fundamental repetition rate of ~15 MHz. The laser delivered
an average output power of ~2 mW corresponding to the pulse peak power of 250 W.
Although the SC-PBG fiber shows a good performance in GVD compensation, it was
concluded that a major limitation to the pulse width and quality arises from the third-order
dispersion (TOD) generated in the SC-PBG fiber used in this study. The TOD of the photonic
bandgap fiber estimated from the measurements gives the value of 1.4 ps’/km at 1.04 um. The
effect of the higher-order dispersion was further studied using tunable pulsed operation by
inserting a birefringent filter at the Brewster angle into the air-segment of the cavity as shown
in Fig. 1. Without the filter, the laser operates at ~1035 nm where the SC-PBG fiber has the
transmission maximum, as seen in Fig. 2. Figure 3 shows the pulse spectra and intensity
autocorrelations when the laser was tuned to different wavelengths. From Figs. 3(a)-
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Fig. 4. Mode-locked pulse spectra obtained with 0.55-m long ytterbium fiber.
The total cavity dispersion calculated from the soliton sidebands equals -0.13
ps’ at 1040 nm and -0.52 ps® at 1055 nm.

(d), it is clear that owing to low value of anomalous dispersion generated by SC-PBG fiber at
the short wavelengths (< 1035 nm), the laser operates with net normal cavity dispersion
resulting in long pulses. This feature is expected from the dispersion curve shown in Fig. 2. In
contrast, operation a longer wavelengths [Figs. 3(e)-3(h)] shows substantial soliton pulse
compression indicating the total anomalous dispersion of the laser cavity.

Next, to further illustrate strong wavelength dependence of the SC-PBG fiber dispersion
and, consequently, high value of TOD, the length of an ytterbium fiber was decreased down to
0.55 m. The spectral sidebands in the pulse spectra, shown in Fig. 4, give a clear signature of
the soliton regime. The average cavity dispersion estimated from the soliton sidebandsis -0.13
ps’ at 1040 nm and -0.52 ps” a 1055 nm. The group-velocity dispersion derived from the
spectral location of the sidebands agrees with total cavity GVD calculated from measured
dispersion of the fibers comprised in the cavity.

In order to optimize the pulse duration generated by the laser, we changed both the length
of the active fiber and the operation wavelength. The results of this study are summarized in
Fig. 5. The shortest pulse we obtained by dispersion compensation with SC-PBG fiber has the
width of 0.46 ps. With the spectral width of 4.6 nm, the time-bandwidth product becomes 0.59
remaining still above the transform-limited value. Since the laser comprises sections of fiber
with both normal and anomalous dispersion, the pulse duration and chirp evolve gradually
when pulse propagates inside the laser cavity. The nearly transform-limited pulse is expected
to appear by placing the output coupler at the location within the cavity that corresponds to
the highest pulse compression factor. The output fiber pigtail may also add certain chirp to the
pulse. Although further pulse reduction is expected, it is obvious that third-order dispersion in
the photonic bandgap fiber would eventually limit the dechirped pulse duration. These aspects
remain a subject for future study. Also, we expect that the performance of this laser can be
improved with advancesin photonic bandgap structures.
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corresponding optical pulse bandwidths are shown.

4. Summary

We demonstrated an environmentally stable all-fiber soliton ytterbium laser using solid-core
photonic bandgap fiber for dispersion compensation at 1 pm. The self-starting mode-locked
operation of the subpicosecond soliton laser is achieved by the semiconductor saturable
absorber. This approach may congtitute an important step towards novel generation of
ultrafast fiber oscillators.
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discuss the effect of higher-order dispersion in photonic bandgap fiber on
laser performance.

©2006 Optical Society of America

OCIS codes. (060.2340) Fiber optics components; (140.3510) Lasers, fiber; (260.2030)
Dispersion; (320.7090) Ultrafast lasers

References and links

1.  H.Lim, F. O. llday, and F. W. Wise, “ Femtosecond ytterbium fiber laser with photonic crystal fiber for
dispersion control,” Opt. Express 10, 1497-1502 (2002)

2. A.lsomé&ki and O. G. Okhotnikov, “ All-fiber ytterbium soliton mode-locked laser with dispersion control
by solid-core photonic bandgap fiber,” Opt. Express 14, 4368-4373 (2006)

3. J.C.Knight, “Photonic crystal fibres,” Nature 424, 847-851 (2003)

4. N.M. Litchinitser, A. K. Abeeluck, C. Headley, and B. J. Eggleton, “ Antiresonant reflecting photonic
crystal optical waveguides,” Opt. Lett. 27, 1592-1594 (2002)

5. F. Luan, A. K. George, T. D. Hedley, G. J. Pearce, D. M. Bird, J. C. Knight, and P. St. J. Russell, “ All-solid
photonic bandgap fiber,” Opt. Lett. 29, 2369-2371 (2004)

6. R.F. Cregan, J. C. Knight, P. &t. J. Russell, and P. J. Roberts, “ Distribution of spontaneous emission from
an Er*-doped photonic crystal fiber,” IEEE J. Lightwave. Technol. 17, 2138-2141 (1999)

7. W.J. Wadworth, J. C. Knight, W. H. Reeves, P. St. J. Russell, and J. Arriaga, “ Y b**-doped photonic crystal
fibre laser,” Electron. Lett. 36, 1452-1454 (2000)

8. K. Furusawa, T. M. Monro, P. Petropoulos, and D.J. Richardson, “Model ocked laser based on ytterbium
doped holey fibre,” Electron. Lett. 37, 560-561 (2001)

9. J Limpert, T. Schreiber, S. Nolte, H. Zellmer, A. Tunnermann, R. lliew, F. Lederer, J. Broeng, G. Vienne,
A. Petersson, and C. Jakobsen, “High-power air-clad large-mode-area photonic crystal fiber laser,” Opt.
Express 11, 818-823 (2003)

10. J. Limpert, A. Liem, M. Reich, T. Schreiber, S. Nolte, H. Zellmer, A. Tunnermann, J. Broeng, A. Petersson,
and C. Jakobsen, “Low-nonlinearity single-transverse-mode ytterbium-doped photonic crystal fiber
amplifier,” Opt. Express 12, 1313-1319 (2004)

11. M. Moenster, P. Glas, G. Steinmeyer, and R. Iliew, “Mode-locked Nd-doped microstructured fiber laser,”
Opt. Express 12, 4523-4528 (2004)

12. M. Moenster, P. Glas, G. Steinmeyer, R. lliew, N. Lebedev, R. Wedell, and M. Bretschneider,
“Femtosecond Neodymium-doped microstructure fiber laser,” Opt. Express 13, 8671-8677 (2005)

13. D. G. Ouzounov, F. R. Ahmad, D. Miiller, N. Venkataraman, M. T. Gallagher, M. G. Thomas, J. Silcox, K.
W. Koch, and A. L. Gaeta, “ Generation of megawatt optical solitons in hollow-core photonic band-gap
fibers,” Science 301, 1702-1704 (2003)

14. J. Jasapara, T. H. Her, R. Bise, R. Windeler, and D. J. DiGiovanni, “ Group-vel ocity dispersion
measurements in a photonic bandgap fiber,” J. Opt. Soc. Am. B 20, 1611-1615 (2003)

15. C. Zhang, G. Kai, Z. Wang, T. Sun, C. Wang, Y. Liu, J. Liu, W. Zhang, S. Y uan, and X. Dong, “Design of
tunable bandgap guidancein high-index filled microstructure fibers,” J. Opt. Soc. Am. B 23, 782-786
(2006)

16. A.Wang, A. K. George, and J. C. Knight, “ Three-level neodymium fiber laser incorporating photonic
bandgap fiber,” Opt. Lett. 31, 1388-1390 (2006)

17. R.Herda, A. Isoméaki, and O. G. Okhotnikov, “ Soliton sidebands in photonic bandgap fibre lasers,”
Electron. Lett. 42, (2006)

#73421 - $15.00 USD Received 25 July 2006; revised 18 September 2006; accepted 18 September 2006

(C) 2006 OSA 2 October 2006/ Vol. 14, No. 20/ OPTICS EXPRESS 9238


mailto:antti.isomaki@tut.fi

1. Introduction

To operate fiber lasers with A<1.3 um in femtosecond pulse regime, normal dispersion of the
laser cavity should be compensated by an appropriate cavity element with anomalous
dispersion. Regular dispersion compensation based on diffraction gratings, however, violates
an “al-fiber” nature of the laser. Recently, the dispersion compensators based on the photonic
crystal fiber have been demonstrated resulting in compact all-fiber systems [1, 2]. Photonic
crystal fibers with light guided by total internal reflection typically have a solid silica-based
core surrounded by a silica-air photonic crystal cladding [3]. Anomalous dispersion in this
type of crystal fibers, however, could be generated with rather small core diameters.
Although, the high nonlinearity of these fibers is widely used in supercontinuum generation,
their poor mode matching with standard fibers results in high loss when using them as an
intracavity dispersion compensator. An alternative solution is based on photonic bandgap
(PBG) fibers [3]. An all-solid PBG fiber [4, 5] made of a silica core and an array of higher
index (e.g. Ge-doped) strands in the cladding has the advantage of a good mode matching
with standard fibers. Furthermore, the all-solid structure exhibits no surface modes [5] and
allows for high anomalous dispersion with low nonlinearity as compared with index guiding
photonic crystal fibers. Another issue that makes these fibers particularly attractive for light
emitting devices is the possibility to dope the silica core with rare-earth ions.

Er- and Y b-doped photonic crystal fibersfirst reported in [6] and [7] have later been used
in different types of lasers [8, 9] and amplifiers [10]. More recently, Nd-doped photonic
crystal fiber has been used as gain medium in a passively mode-locked fiber laser at 1.06 um
[11, 12].

In this Letter, we report on the first demonstration of a mode-locked laser using an
ytterbium-doped photonic bandgap (Yb-PBG) fiber as a gain medium and a dispersion
compensator. Since the dispersion compensation is provided by the gain fiber, simple and
compact femtosecond laser architecture can be realized. This approach offers potentially
higher repetition rates when compared with the fiber lasers using standard Y b-doped fiber and
a separate PBG fiber for dispersion compensation. We show that using a semiconductor
saturable absorber mirror together with the Yb-PBG fiber allows for self-starting femtosecond
mode-locked laser with repetition rate above 100 MHz around 1-um wavelength range.

2. Photonic bandgap fiber laser characteristics

The experimental setup of the mode-locked laser is illustrated in Fig. 1. The fiber cavity is
comprised of 0.27 m of ytterbium-doped PBG fiber and 0.47 m of standard single mode fiber.
The free end of the Yb-doped PBG fiber is butt-coupled directly to a saturable absorber
mirror. The laser output is taken from a variable coupler composed of a polarizing beam
splitter and a half-wave plate placed in the free space section of the cavity. Throughout the
study, the output coupling was maximized by rotating the half-wave plate. Depending on the
cavity parameters, the optimal value of the output coupling that alowed for stable mode-
locked operation was ranged from 0.2 to 0.5. The laser was pumped with a single-mode
grating-stabilized laser diode capable of delivering up to 300 mW of power at 980 nm.

980 nm

M2 PBS pump
WDM Yb-PBGF |m|:|

T

HR SESAM
mirror Output

Fig. 1. Laser setup with Yb-PBG fiber. PBS: polarizing beam splitter, A/2: half-wave plate,
WDM: pump/signal multiplexer, HR mirror: high reflectivity mirror.
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Figure 2 shows the 2™ order transmission band of the Yb-PBG fiber recorded using a
white-light source. The bandgap ranges from 980 to 1100 nm covering both the pump
wavelength and the laser transition of the Yb-doped fiber. Although the transmission band
shape of the PBG fiber is to certain extent affected by the high level of Yb doping, it is
evident that the pump wavelength is located close to the short-wavelength edge of the band.
The pump radiation is, therefore, weakly guided that in turn may decrease the overal pump
efficiency. With optimization of the band spectral positioning, an improvement in the output
power would be expected.

The inset in Fig. 2 shows a microscope image of the PBG fiber cross-section displaying
10 rings of Ge-doped inclusions with the refractive index of ~1.465 in pure silica background.
The fiber diameter is 200 um and the periodic structure has the spacing of 8.3 um. The core
was formed by replacing one inclusion in the middle with Yb-doped silica rod having the
refractive index close to that of pure silica. The core’s numerical aperture is ~0.21 and it
guides the fundamental mode with the field diameter of 9 um. The mode size in the Yb-PBG
fiber is dlightly larger than the 6.4-um mode diameter in the core of a standard fiber. It is
expected, therefore, that optical nonlinearity of the Yb-PBG fiber would not dominate the
total nonlinearity in the laser cavity. Owing to small mode mismatch between bandgap fiber
and normal fiber, the splice losswas ~1 dB.

The measured round-trip group-velocity dispersion (GVD) of the laser cavity is seen in
Fig 2. as well. The dichroic pump coupler made of standard single-mode fiber has a normal
GVD of +0.024 ps?/m, while the PBG fiber exhibits anomalous GVD of -0.075 ps’/m at 1035
nm. Thus, the total cavity has an anomalous round-trip dispersion of -0.017 ps’ a 1035 nm
corresponding to the signal wavelength of the experiments.

Another important feature of the Yb-PBG fiber is the spectral position of the zero-GVD
wavelength. The anomalous waveguide dispersion due to the resonant-like PBG structure
tends to shift the zero-GVD towards the short-wavelength edge of the transmission band [13].
On the other hand, in case of an all-solid PBG fiber, the strong silica material dispersion at
short wavelengths moves the zero-GVD to the opposite direction [5]. In case of the Yb-PBG
fiber used here, the waveguide GVD is dominant over the material dispersion of silicaat 1 um
wavelength range. We attribute this to the fact that the cutoff wavelength of the fundamental
core mode is located at the band edge at 1094 nm. This gives rise to a rapid increase of
dispersion at the long-wavelength edge and aso shifts the zero-GVD to the short-wavelength
side of the transmission band [14]. The effect is especially pronounced for the mode
propagating in the secondary band instead of the fundamental one[15].
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Fig. 3. Amplified spontaneous emission from the Y b-PBG fiber.
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Fig. 4. Mode-locked pulsetrain (10 ng/div). The spikes at the end of the pulses
are artifacts of detection electronics.

Figure 3 shows the spectrum of amplified spontaneous emission (ASE) from Y b-doped
bandgap fiber for different pump powers. In these measurements, the lasing was avoided by
blocking the laser mirrors. The figure illustrates that ASE spectrum matches closely the
transmission band of the PBG fiber demonstrating an efficient filtering provided by the band
spectral shape. This feature of the photonic bandgap structure was previously used to suppress
undesired four-level transition in the Nd-doped fiber [16].

3. M ode-locked operation

The laser exhibits self-starting mode-locked operation emitting the pulse train at the
fundamental repetition rate of 117.5 MHz, as shown in Fig. 4. An average power of 3 mW at
the output corresponds to the pulse energy of 25.5 pJ. As it was mentioned above, this
characteristic is expected to advance with improving the guiding of the pump radiation. Fig. 5
shows the optical spectrum of the pulse with a spectral width of 4.0 nm. The corresponding
intensity autocorrelation is shown in the inset of Fig. 4. A sech®fit yields a pulse duration of
335 fs (FWHM), which gives a time-bandwidth product of 0.37 indicating a nearly transform
limited pulse operation.

Although the Yb-PBG fiber shows a good performance in GVD compensation, it has
significant dispersion of higher orders, particularly third-order dispersion (TOD). The TOD of
the Yb-PBG fiber estimated from the measurements gives the value of 2.3 ps’/km at 1.04 um.
As aresult, the dispersion is changed significantly across pulse spectrum. This exceptionally
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large value of TOD was found to affect the shape of soliton pulse spectrum and may set an
ultimate limit for pulsewidth generated from photonic bandgap fiber lasers. Namely, the
spectral sidebands in the pulse spectrum show notable asymmetry. Typically, we observe 2-3
soliton sidebands in the long-wavelength tail of the spectrum which corresponds to higher
anomalous dispersion regime, while sidebands were never recorded at the short-wavelength
wing of the spectrum, as seen from Fig. 6. The spectra have been obtained by changing the
length of the fibers with normal and anomalous GVD. The dispersion values shown in Fig. 6
are measured at 1035 nm corresponding to the central wavelength of the pulse spectra. The
asymmetric sideband formation was found from numerical simulation to be due to a high
value of TOD in PBG fiber [17]. Generally, these observations confirm a high immunity of
the soliton pulses to higher order dispersion.
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Fig. 5. Mode-locked pulse spectrum. Inset: measured intensity autocorrelation.
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Fig. 6. Pulse spectra for different cavity dispersions. The lengths of the Y b-PBG fiber and the
standard single mode fiber are (a) 0.35 mand 1.0 m, (b) 0.35 m and 0.8 m, (c) 0.27 m and
0.47 m, respectively. Some asymmetry in the soliton pulse spectra can be expected for
different values of cavity dispersion, as discussed in the text. The difference in noise floor
between the curves is due to variations in the sensitivity level of the optical spectrum
analyzer. It should be noted that spectra are offset arbitrarily in respect of Y-axis for clarity.
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4. Conclusion

We have demonstrated an environmentally stable soliton laser using ytterbium-doped all-solid
photonic bandgap fiber providing both gain and dispersion compensation a 1 um. The self-
starting subpicosecond mode-locked operation is achieved by the semiconductor saturable
absorber. We believe that this approach represent the new generation of ultrafast fiber
oscillators operating with repetition rates above 100 MHz.
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