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ABSTRACT

This thesis investigates novel dispersion compensation methods for mode-locked
fiber lasers and the dynamical properties of ytterbium and thulium-holmium gain
materials. The emphasis is on dielectric thin film structures and their integration into
fiber cavities to control laser performance.

A Gires–Tournois interferometer (GTI) made with electron beam evaporation was
used for the first time to compensate for the dispersion of a fiber cavity and thus
achieve ultrashort mode-locked pulses. Another thin film dispersion compensator, a
Fabry-Pérot etalon, demonstrated in a mode-locked fiber laser, allowed for contin-
uously tunable short pulse operation of an ytterbium fiber laser over a broad wave-
length range.

In addition to dispersive thin film structures, the thesis also presents a new type of
dichroic coating deposited directly onto an optical fiber end. The dichroic coating
acts as an output coupler and pump combiner, simultaneously. This enables laser
cavities which are substantially shorter than would be possible with conventional
fiber components. The compact all-fiber ytterbium fiber laser presented had a record
high fundamental repetition rate of 571 MHz with ultrashort, 572 fs, pulses.

The energy level scheme of ytterbium and thulium-holmium gain materials was stud-
ied for the first time in this thesis by analyzing the laser relaxation oscillations. Both
materials exhibited a change in transition mechanism from three-level to four-level
laser operation in the long-wavelength tail of the gain bandwidth.
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1. INTRODUCTION

Optical coatings are traditionally thought to be rather mysterious with
the unexpected the norm and success dependent on skill and experience
and a certain degree of good fortune. However there are excellent rea-
sons for even the extremely bizarre behavior of coatings and it is an
understanding of these reasons that is the key to real, effective, expertise
in the subject.

Professor H. Angus Macleod

1.1 A brief history of optical thin films and fiber lasers

1.1.1 Thin films

Thin film optics has a very long history dating back to the prehistoric era, when man
could have observed thin films of oil on calm water. Man-made thin films became
possible around 1600 B.C., when amalgam was discovered and could be laid on thin
gold films. Ever since, the colors of thin films have fascinated people and a great
number of descriptions has been written on the subject. [28]

The earliest scientific observations of thin films date back to the 17th century, when
Robert Hooke (1635–1703) [29] and Robert Boyle (1627–1691) [30] independently
discovered the phenomenon know as ’Newton’s rings.’ This phenomenon can nowa-
days easily be explained by interference in a single film with varying thickness.
However, at the time, the nature of light was not sufficiently well understood to ex-
plain the first observations or experiments made later by Sir Isaac Newton (1642–
1727) [31, 32]. Nevertheless, Newton’s experiments went far beyond qualitative de-
scription when he published his findings in his Optiks (1704). He related the colors
so accurately to the thicknesses of the films that Thomas Young (1773–1829) [33]
could, some hundred years later, calculate accurately the associated wavelengths of
light from the data [28]. In his findings Young introduced the principle of inter-
ference and gave the first satisfactory explanation for the effect. His wave theory
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was strongly opposed at first but then became slowly recognized after Augustin Jean
Fresnel’s (1788–1827) work on diffraction patterns arising from various obstacles
and apertures [33].

The next significant step in thin film history was the discovery of the anti-reflecting
properties of low refractive index layers by Joseph von Fraunhofer (1787–1826) [34],
even though he did not realize that, not only was the reflection reduced, but also that
the transmission was increased. However, this wasn’t significant at the time because
optical components were not complicated enough to make the need obvious. Once
the wave theory was widely accepted and optical technology started to develop, great
progress was made during the remainder of the nineteenth century and early twentieth
century.

The most significant development in terms of thin film technology was the Fabry–
Pérot interferometer invented in 1897 [35] by Charles Fabry (1867–1945) [36, 37]
and Jean-Baptiste Alfred Pérot (1863–1925) [38], which became one of the basic
structures for thin film filters. Despite the theoretical progress, thin film development
did not start its radical upswing until the invention of suitable vacuum pumps and
the work of Cecil Reginald Burch (1901–1983) [39] on diffusion pump oil in the
1920s [40]. Ever since, progress has been enormous, and the work of thousands
of thin film scientists has produced a large number of new applications covering all
areas of life. These days complex layer structures having over 100 layers are not
uncommon and almost all products available to buy incorporate some kind of thin
films. [32]

1.1.2 Lasers

The basic principle of the laser was presented in 1954, when Charles Townes and
Arthur Schawlow invented the maser (microwave amplification by stimulated emission
of radiation), using ammonia gas and microwave radiation. The same research was
also conducted elsewhere, which led to the Nobel Prize for this work being shared
between Charles H. Townes (1915–), Nikolai G. Basov (1922–2001) and Aleksandr
M. Prokhorov (1916–2002) in 1964 [41]. A logical continuation of the maser was the
laser (light amplification by the stimulated emission of radiation) and it was first pre-
sented by Theodore Harold Maiman (1927–2007) [42] in 1960. His ruby laser [43]
is considered to be the first successful optical or light coherent source even though
similar work was carried out by Gordon Gould (1920–2005). The laser consisted of
a ruby rod with silvered ends as mirrors and was pumped with a flashlamp. The ruby
laser was not capable of continuous wave (cw) operation but just before the end of
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1960 the first gas laser using helium and neon appeared. This type of laser (a He-Ne
laser) was the dominant laser for the next 20 years until cheap semiconductor lasers
appeared.

Thin film technology was boosted by the emergence of the microprocessor industry
in the 1960s and 1970s, since they share several technical aspects. However, the surge
in demand for optical thin films came after semiconductor laser diode mass produc-
tion started and all fields of optics started growing rapidly. Nowadays hundreds of
millions of semiconductor laser diodes are produced annually and they are all coated
with optical thin films.

1.1.3 Fiber lasers

Optical fiber gain experiments were performed already in 1961 [44, 45] and the first
fiber laser was demonstrated in 1964 [46], but cw single-mode fiber lasers only ap-
peared in the mid 1980s as a result of dramatic improvement in optical fiber qual-
ity [47] and doping technology [48]. At first the emphasis was on telecom applica-
tions like fiber amplifiers with simple fiber coupler configuration to deliver the pump
light to the amplifying fiber [49]. A few years later short pulse fiber lasers were
demonstrated [50]. The pulsed fiber laser presented in 1986 was a Q-switch laser [51]
delivering 200 ns pulses. Soon after the laser was mode-locked [52] and the pulse
duration was shortened by two orders of magnitude down to ns-level. However, the
operation was flawed due to intracavity reflections at the fiber end facets and pulse
widths shorter than 1 ns were not obtained [53]. The laser design was further im-
proved and 100 ps pulses were reported by several research groups in 1988 [54, 55].
Significant progress followed in the next years as well-defined mode locking with
20 ps pulses was demonstrated in 1989 [56] and in the same year soliton-shaping was
first used by Kafka et al. to push the pulse widths below 5 ps [57].

Subpicosecond fiber laser configurations were already suggested by Kafka and Baer
in 1987 (patent [58] issued in 1989) but the era of ultrashort pulse fiber lasers only
started in 1990 as subpicosecond pulses were first presented by Fermann et al. in an
actively mode-locked Nd-doped fiber laser with additional soliton shaping [59]. The
laser produced 430 fs pulses and the next year the technique was further optimized to
produce 125 fs pulses [60]. This laser was the first truly passively mode-locked fiber
laser. However, until then ultrashort pulse fiber lasers contained a large amount of
bulk components and complicated active components, not to mention the often incon-
venient pumping systems. In parallel to Fermann, Duling demonstrated an all-fiber
laser design, which was the first self-starting passively mode-locked fiber laser and
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produced at first 3.3 ps pulses [61] and soon after 314 fs pulses [62]. This demonstra-
tion was among the first lasers in which fiber laser advantages over bulk solid state
lasers started to appear. In the following years, fiber materials and lasers continued to
improve, but the main applications remained in the telecom sector until 2001 when
the sudden economic downfall shifted the emphasis to high power lasers. The shift
is best depicted by the fact that cw single-mode fiber laser output power increased
from 30 W to 135 W in the time period from 1996 to 2002 and then dramatically to
1.4 kW (10 kW in multi-mode, MM) by the end of 2004 [63]. Moreover, in 2007 the
highest commercial MM output powers were already 50 kW. Similar advances have
also been made with pulsed lasers, mainly due to the technique called chirped pulse
amplification (CPA) and large mode-area fibers.

1.2 State of the art

This thesis deals with ultrashort pulse fiber lasers and concentrates on intra-cavity
dispersion compensation and other components affecting fiber laser pulse behavior.
This section contains a brief overview of state of the art lasers and applications rele-
vant to this work.

Modern lasers have come a long way from the first demonstrations and are present
in various everyday consumer products. The selection of lasers covers wavelengths
from UV to far infrared and from cw operation to pulsed lasers with pulse widths as
short as a few optical cycles [64], i.e. on the order of a few femtoseconds. However,
substantial pulse shortening typically requires complex and costly components. In
order to use ultrashort pulses in many applications, the laser needs to be portable
and environmentally stable. Also the pumping of the laser should preferably be
done with a fiber pigtailed light source or directly electrically. Currently, electri-
cally pumped short pulse sources like mode-locked semiconductor lasers are able
to produce ultrashort pulses [65] but they typically exhibit multiple pulses within a
period due to residual intracavity reflections [66]. More recently, passively mode-
locked vertical-external-cavity surface-emitting lasers (VECSELs) [67] with electric
pumping [68, 69] have become a promising candidate for optical clock signal gener-
ation.

The highest fiber laser output powers, that are commercially available, have reached
50 kilowatts in multi-mode operation [70]. Single-mode (SM) continuous wave out-
put power from fiber systems can exceed five kilowatt level with diffraction-limited
beam quality. In 2007 the highest claimed SM fiber laser output power was 2 kW and
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in January 2008 the power already leaped over the 5 kW level [71]. This progress
is enabled by the good power-scalability of fiber lasers [72]. However, such laser
systems are largely based on a number of free space components and only the gain
medium and power amplifier are fiber based. This configuration is often called a mas-
ter oscillator power amplifier (MOPA). The output from a mode-locked seed laser of
a few mW can be scaled in a fiber amplifier according to the need. That is why
this thesis concentrates on compact, simple solutions for ultrafast light sources, and
more precisely, presents new, alternative solutions to fiber laser challenges like cavity
dispersion.

By producing compact and low cost sources of ultrashort pulses, probing of mate-
rials for characterization becomes practical and optical ranging becomes more pre-
cise [66]. Other applications of ultrashort pulses include ultrafast time-gated and non-
linear microscopy, ultrafast optical sampling and imagining, optical tweezers, high
resolution imaging of live cells by second harmonic generation, surgery, micropat-
terning and laser ablation [73]. These applications typically require pulse widths
from some tens of fs to a few ps with moderate peak power. Current lasers that meet
these requirements are bulky systems comprising of a number of free space compo-
nents.

1.3 Incentives and outline

Ultrashort optical pulses have become an important tool for scientific measurements.
An obvious motivation for producing shorter light pulses is to improve the temporal
resolution of experiments. Another motivation comes from scientists’ desire to ex-
plore the limits of mode locking and the laser itself. However, ultrashort pulses are
nowadays used in many other fields besides scientific measurements. With the emer-
gence of reliable, cost-effective short pulsed fiber sources, ultrafast lasers have the
potential to be used as medical instruments in eye [74] and dental [75] surgery, tissue
welding [76] and micromachining [77]. From this perspective, the development of a
compact and reliable source of ultrashort pulses is all the more meaningful. The goal
of this thesis is to promote fiber laser development by investigating novel dispersion
compensation methods for mode-locked fiber lasers and the dynamical properties of
ytterbium and thulium-holmium gain materials.

This PhD thesis consists of an introduction followed by four main chapters and con-
clusions. Chapter 2 reviews the optical thin film properties, design and technology
relevant to this thesis and related work. This chapter explains the coating types that
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were implemented during this thesis work and some other general thin film struc-
tures. The objective of this chapter is to equip readers with no previous knowledge
about thin films properties or design with the tools necessary to understand how the
experimental results in this thesis were achieved. The fact that thin films have spread
to all areas of life and technology should emphasize the importance of thin films even
more.

Chapter 3 introduces mode-locked ytterbium fiber lasers and concentrates on differ-
ent dispersion compensation techniques. The last two sections of the chapter explain
the pros and cons of the novel thin film dispersion compensation methods introduced
in this thesis. These methods enable new possibilities and compactness in fiber laser
design.

Chapter 4 gives a short review of fiber laser dynamics and laser relaxation oscil-
lations. Relaxation oscillation results are summarized for ytterbium and thulium-
holmium gain materials. The motivation to study these materials lies with the fact
that there is only a limited number of suitable dopant materials for active fibers. A
basic knowledge of operation levels and their dynamics is valuable for thorough un-
derstanding of fiber lasers using these gain materials. As discussed earlier, ytterbium
fiber lasers are used in various applications requiring high power in the 1.0–1.1 µm
wavelength range or frequency conversion to visible light, whereas thulium-doped
silica fiber has proved to be a good solution for light generation near 2 µm wave-
length. Lasers based on this gain medium have been shown to be capable of pro-
ducing high powers with a broad tuning range and have clear potential for ultra short
pulse generation [78]. These features make thulium a promising material for spectro-
scopic, medical and LIDAR (Light Detection And Ranging) applications [79].

Chapter 5 presents high repetition rate fiber lasers with ultrashort pulses and explains
how novel optical thin film coatings developed in this thesis have improved their per-
formance. High repetition rates are needed, for example, in industrial inspection sys-
tems, for monitoring fast moving processes like chemical reactions, micromachining
and two photon microscopy.

The main achievements and final conclusions are presented in chapter 6.



2. OPTICAL THIN FILMS

This chapter first gives a short overview of optical thin films, their manufacturing,
modeling and design. Specific optical thin films that are relevant to this thesis and
applications are then discussed in more detail. The thesis covers a lot of the necessary
basic knowledge about thin films properties and design, which should help the reader
to understand how the experimental results in this thesis were achieved.

2.1 Introduction to thin films

Thin films can be described as thin, parallel, smooth layers or layer structures, with
thicknesses varying from a few Å to about 20 µm. For optical thin films we also
require thin film materials to be transparent at the wavelength of interest. In addition,
special care needs to be taken when we define ’thin’ for an optical layer. Macleod [32]
offers the definition that ”A film is thin when interference effects can be detected in
the reflected or transmitted light, that is, when the path difference between the beams
is less than the coherence length of the light, and thick when the path difference is
greater than the coherence length.” In this definition the film’s thickness is compared
to the incident light coherence length, which typically is far greater than the thin film
thickness. However, with ultrashort pulses the coherence length is the pulse length,
and thus conventional dielectric mirrors don’t necessarily work with few femtosec-
ond pulses as expected from the basic theory. For example, a 10 fs pulse is only 3
µm long, and thus significantly shorter than the beam path difference in a complex
interference filter. One should also remember that even if the thin film structure is
only a few micrometers thick, in a resonant structure the beam path difference can be
significantly longer, even up to several orders of magnitude.

These days optical thin films are used almost everywhere, even though most con-
sumers do not realize it. Obvious everyday applications range from eye glass anti-
reflection coatings for improved transmission and enhanced scratch resistance to mo-
bile phone screen coatings. In addition to obvious applications in full view of every-
one, a lot of sophisticated coatings are needed for color separation (image projectors,
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Fig. 2.1: Typical optical thin film structures on top of fused silica substrates. The 25 mm
diameter substrates are coated on both sides: the front surfaces have Fabry–Pérot etalon
structures and the rear sides have been anti-reflection coated for improved transmission
in the infrared.

cameras), spectral bandpass filtering (medical, environmental diagnostics and moni-
toring), high reflection (mirrors, lasers) and other specialized applications [80]. Fig.
2.1 shows typical thin film laser mirrors for laboratory purposes.

In consumer products the films are integrated into the components and cannot often
be seen. A good example where a consumer can see the integrated optical thin film
coating is a laptop DVD- or CD-drive, where the drive’s high numerical aperture lens
on top of the laser diode is coated. The coating is an anti-reflection coating for the
DVD wavelength range 635–650 nm (red) and CD wavelength range 770–830 nm
(near infrared). This coating usually appears bluish since it is characteristic of broad
band anti-reflection coatings to have elevated reflectivity below their low reflectiv-
ity wavelength region. In reality, the situation in a DVD-drive is more complicated
since the focusing lens is followed by a corner mirror (high reflective for red, trans-
mission in blue can be seen), lenses, two beam splitters, a wave plate and finally the
laser diodes and photodetectors. All these are coated for improved performance and
altogether the drive could have about 26 optically coated surfaces.

2.2 Thin film properties

Thin films are used to improve surface properties in various everyday applications
like cutting tools, eyeglasses, monitor screens, mobile phones covers, fishing lures
etc. Here we concentrate mainly on optical properties, but we cannot ignore envi-
ronmental stability [81], adhesion, heat conduction, thermal expansion, scratch re-
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sistance, hardness and other mechanical, chemical or thermal properties. The most
important optical properties are refractive index (n), absorption (α), scattering and
material dispersion (dn/dλ). Other parameters that sometimes need to be considered
are refractive index temperature dependence (dn/dT ) and material filling factor, i.e.
how densely the evaporated material is packed. These parameters become significant
when we monitor thin film evaporation or growth at high temperatures or if we ex-
pect that the filling of void with air will affect the properties considerably. This is
often the case with in situ monitored anti-reflection coatings [S2]. In some rare cases
materials have excellent mechanical and optical properties but they are either toxic or
radioactive making the material useless for most common applications. In table 2.1
the most important optical thin film materials relevant to the laser industry are listed.

Table 2.1: Optical properties of common thin film materials in the laser industry. These
materials are deposited by electron beam by default but some materials behave better
with other deposition techniques and this is mentioned in the remarks.

Refractive Region of high
Material Symbol index transparency References

Aluminum oxide1 Al2O3 1.62 at 600 nm UV to IR [82, 83]
1.59 at 1.6 µm

Germanium Ge 4.05 at 3 µm 1.9–14 µm [84–86]
Hafnium oxide HfO2 2.00 at 500 nm 220 nm–12 µm [87–89]
Magnesium fluoride2 MgF2 1.37 at 1 µm 210 nm–8 µm [90]
Silicon Si 3.5 at 1200 nm 1.2–14 µm [84–86]
Silicon monoxide3 SiO 1.9 at 1 µm 500 nm–8µm [91]
Silicon dioxide4 SiO2 1.45 at 1 µm <200 nm–8 µm [32, 82, 92]
Tantalum pentoxide Ta2O5 2.16 at 550 nm 300 nm–10 µm [87, 88]
Titanium dioxide5 TiO2 1.75–2.4 at 550 nm 350 nm–12 µm [93–96]

2.154 at 1 µm
Zirconium oxide ZrO2 2.163 at 1 µm 340 nm–12 µm [87, 88]

Remarks
1 Hard, good adhesion
2 High tensile stress
3 Tantalum boat resistive deposition
4 Typical in this thesis
5 Requires extra O2

Dielectric materials are usually the best choice for a coating material even though
they may not have the right absolute value of refractive index for the coating or the
highest refractive index difference. However, their broad range of low absorption,
small scattering and fairly constant refractive index, i.e. low material dispersion, are
more important characteristics. A good example of combining the best properties of
different kinds of materials is a distributed Bragg reflector (DBR) made of Al2O3 and
Si. The dielectric Al2O3 is hard, has a low refractive index of about 1.6, good adhe-
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sion to many surfaces, higher thermal conduction than most other dielectric materials
and is easy to evaporate. Silicon on the other hand is a semiconductor and has a much
higher refractive index than dielectrics, about 3.4 at 1000 nm, and due to the large
index difference a fairly high reflectance mirror can be achieved with a reasonably
small number of pairs. Such a mirror can of course never have ultra high reflectivity,
because of Si absorption and scattering with a large number of pairs. However, this
is usually not required with, for example, edge-emitting diode laser rear side high
reflective coatings.

2.3 Mechanical properties of optical thin films

The physical and chemical properties of thin films are determined by evaporation
conditions as they are condensed and grown into solid films. Thin film deposi-
tion technology needs to consider the harsh environmental conditions that the thin
films might need to endure. Common examples of high-durability coatings are anti-
reflection coatings on eyeglasses, automobile windscreens and aircraft canopies. The
durability of coatings is mainly determined by their cohesive and adhesive strength
and hardness, which depend on the material and deposition process. Durability under
the influence of mechanical forces is determined by the microstructural growth of
the layers during their condensation on the substrate surface. The microstructure, in
turn, determines the magnitude and sign of the residual stress built into the thin film
multi-layer system. [97]

Even though we can only do so much to improve the cohesive and adhesive strengths
in a thin film structure, we can still devise a durable coating by compensating for
the stress i.e. by balancing the tensive and compressive strain. With tensive stresses
the forces lie in the plane of the film and substrate; this is why stress causes a thin
substrate to bend from planar to concave. Fluoride compounds generally exhibit
tensive stress. This is especially important for MgF2 [98], which is a common ma-
terial for the UV region [99]. SiO2, on the other hand, has compressive stress with
characteristic buckling due to expansion forces parallel to the substrate. In contrast,
high-index oxide-compound films generally exhibit tensive stress properties giving
thin substrates a concave shape. Typical tensive materials are ZrO2, TiO2, HfO2 etc.
This is why these materials are typically combined with SiO2 to reduce the intrinsic
stress that accumulates with thickness. At the same time, extrinsic stresses increase
with thermal expansion differences between the substrate and the coating.

The main thin film technological approaches to preserve the desirable optical and
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mechanical properties are:

• Selection of the appropriate deposition process,
• Modification of process parameters,
• Search for alternative material compositions,
• Introducing stress compensation between layers and substrate
• Post-deposition treatment.

Forces holding the thin film to the substrate are described by adhesion. Adhesion
energies between the substrate and the film vary from sub-eV to over 10 eV. The
main adhesion mechanisms are physisorption, with weak van der Waals interaction
between the film and the substrate, and chemisoption, where electrons are shared
between film atoms and substrate atoms giving rise to strong adhesion [100]. Natu-
rally, good adhesion requires an ultra clean surface and therefore contaminants and
adsorbed gas layers should be removed prior to evaporation.

2.4 Manufacturing thin films

Modern design techniques allow for the design of optical coatings with quite compli-
cated spectral characteristics. The main problem nowadays is not to obtain a design
with the reasonable required spectral properties but to find the one which is the most
manufacturable [28].

In this thesis I concentrate on the electron beam (EB) evaporation method but it is
important to realize that there are a large number of different methods with their
own pros and cons. Thin films can be formed on solid substrates by various wet
and dry chemical and physical deposition methods. The applied process together
with the deposition environment pressure and composition have a large effect on the
end result. Chemical vapor deposition (CVD) usually produces less homogenous
and smooth films than physical vapor deposition (PVD) and hence PVD methods
dominate in interference optics production.

In physical vapor deposition there are two fundamental processes that transfer the
coating material into the vapor phase: evaporation and sputtering. In all cases the
vaporized material is transported through a reduced pressure atmosphere to the target
sample and condensed on the surface. Samples can be heated and are often rotated.
Typical process pressure is between 10−2 and 10−4 mbar but lower pressure, on the
order of 10−6 mbar, is required for high quality films with high purity and low scat-
tering.
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2.5 Electron beam evaporation

In this thesis electron beam evaporation was used to manufacture the thin film struc-
tures. Since the technique is widely described in the literature [28] and routinely
available around the world, I only briefly introduce the basic principle of the method
and discuss the most important practical aspects.

Typical uses for electron beam evaporation are processes for coating lenses and fil-
ters with anti-reflection, scratch-resistant or other specialized coatings. The process
is also commonly used for coating insulating and resistor films on electronic compo-
nents [101].

An electron beam evaporation system typically consists of the following components:

• Vacuum chamber,
• Pumping system,
• Electron beam gun,
• Control rack,
• Power supply,
• Vacuum monitor,
• Thickness monitor,
• Shutter,
• Sample heater or cooler linked to a pyrometer,
• Process gasses and gas lines,
• Liners in a crucible for the evaporation material,
• Materials for evaporation and
• Sample (substrate) to be coated.

The entire process takes place inside a vacuum chamber. The basic principle is to
launch an intense electron beam from a hot filament with an 6–10 kV acceleration
voltage to a selected material. The beam heats up the material which is loaded into
a liner with an extremely high melting point. Common liner materials are graphite,
aluminum oxide and tantalum. A typical electron beam gun can contain 4–8 liners
and they are positioned in a water cooled copper crucible indexer which is rotated
to select the material. The evaporated material travels upwards forming a smooth
layer on a target sample. The evaporation rate is controlled with the electron beam
current which is typically on the order of 10–150 mA. The beam shape is varied
depending on the evaporated material and often a spiral beam sweeping is used to
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prevent the beam from drilling a hole into the material. The layer uniformity can be
improved by various techniques, for example rotating the sample. A typical electron
beam evaporation chamber is depicted in Fig. 2.2 (b) and the EB machine used in this
thesis can be seen in Fig. 2.2 (a).

(a)

Target sample

Water cooled 
copper crucible 
indexer with 
multiple pockets 
for liners

Electron 
beam

Transversal
Magnetic field

Vacuum 
chamber

Crucible liners 
for evaporation 
materials

Filament

Water cooled 
thickness monitor 
crystal

Emitter block with high 
voltage insulators

Shutter

(b)

Fig. 2.2: (a) A typical electron beam evaporator alongside the user. The sample cham-
ber on the top is separated from the electron beam gun chamber with the evaporation
materials by a port valve to avoid material contamination while loading new samples.
(b) Schematic of an electron beam evaporator.

2.6 Basic optical thin film theory

In order to understand optical thin films and their behavior we need to use a for-
malism which is accurate, yet simple enough to enable analytical and fast numerical
simulations. For this purpose we use wave optics, where light propagation in a thin
film can be described by a light beam consisting of discrete frequency components
ωi. A wave packet is given by [33]:

Ψ(r̄, t) = ∑
i

Aiei[ωit−n(ωi)k̄·r̄], (2.1)

where t is time, k̄ represents the propagation constant vector, r̄ is the coordinate
vector, n(ωi) is the refractive index corresponding to a frequency ωi, and Ai is the
amplitude of the frequency component ωi. In optical thin film structures the phase
term φi = ωi t− n(ωi) k̄ · r̄ is what enables the complex behavior of an optical coat-
ing. Usually we look at the problems in the wavelength domain i.e. we need to write
k̄ = 2π/λ k̂, where k̂ is the propagation constant unity vector. We also know that high
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Fig. 2.3: A schematic representation of a transfer matrix system.

frequency oscillations ( f ∼ 1014 Hz) average out in detection so we can neglect the
time term. Furthermore, when we analyze thin films along the single axis (z) per-
pendicular to the thin film structure, we use the propagation constant’s perpendicular
component k⊥ and avoid the vector form. As a result, we can write the phase term as

φ = n(ω) k⊥ z = n(ω) k cos(θ) z =
2π n(λ)

λ
z cos(θ), (2.2)

where θ is the angle of incidence. After simplifying the phase term, we need to
remember that in the general case the optical wave has two opposite components –
forward and backward propagation. To account for this, we divide the wave function
in two components, with amplitude A for forward and B for backward propagation,
and get

Ψ = Aeiφ +Be−iφ. (2.3)

In this thesis linear algebra tools like Matlab were used for thin film simulations.
Calculations followed the transfer matrix formalism described by Yeh [102]. This
requires that we write the equation (2.3) in matrix form as

Aeiφ +Be−iφ 7→
(

eiφ 0
0 e−iφ

)(
A
B

)
. (2.4)

Next we define the basis for multilayer thin film analysis by setting the forward prop-
agation direction from intermediate media (usually air) to substrate. This rule is de-
picted in Fig. 2.3, where

(
A0
B0

)
and

(
As
Bs

)
represent the forward and backwards prop-

agating components at the layer structure interfaces. Index 0 describes the boundary
on top of the layer structure and s the boundary to the substrate. The structure is cho-
sen to have N individual layers with parallel interfaces. Tilted layers require more
advanced analysis.
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Transfer matrix formalism

The idea of transfer matrix formalism is that each section or layer can be described
by a set of 2× 2 matrices and the total effect of a multilayered system is given by
their product matrix M. The wave function at the outer boundary can be written with
the help of M and the wave function at the substrate boundary as(

A0
B0

)
=
(

M11 M12
M21 M22

)(
As
Bs

)
. (2.5)

The thin film structures can be described using boundaries and straight propagation.
The propagation accumulates the phase term but it can also include the absorption if
one takes into account the refractive index imaginary part. The transfer matrix for the
light propagating in a layer l is given by a propagation matrix

Pl =
(

eiφl 0
0 e−iφl

)
, (2.6)

where φl is the phase shift given as

φl = kl dl =
2π nl(λ)

λ
dl cos(θl). (2.7)

Here kl is the propagation constant, dl is the physical layer thickness, θl is the propa-
gation angle in the layer and nl(λ) is the refractive index at the calculation wavelength
λ. After constant propagation in a layer the light meets a boundary, i.e. the refractive
index changes significantly. Typically, small inhomogeneities or even very thin layers
can be neglected as mentioned before. Typical layers that are often ignored are semi-
conductor wafer native oxides on top of a polished semiconductor surface, because
their thicknesses are on the order of a few Å. However, in ellipsometric analysis such
simplifications cannot be made. At the interface between the adjacent layers the light
refracts and reflects. Refraction is described by the Snell’s law:

na sin(θa) = nb sin(θb), (2.8)

where na and nb are the refractive indices for the opposite sides of the boundary and
θa and θb are the incident and the refraction angles. In transfer matrix formalism
this can be described by boundary matrices Dl [102]. Dl,s is for s-polarization i.e.
for transverse electric (TE) polarization, where the electric field is transversal to the



16 2. Optical thin films

surface interface. The matrix for s-polarization is

Dl,s =
(

1 1
nl cosθl −nl cosθl

)
(2.9)

and for p-polarization i.e. transverse magnetic (TM) polarization, where the magnetic
field is normal to the surface level, boundary refraction is described by

Dl,p =
(

cosθl cosθl
nl −nl

)
. (2.10)

In this thesis the layers are often assumed to be lossless, which simplifies the analysis.
With complex refractive indices, the calculations for angles, boundary conditions and
wave propagation in thin film layers are much more complicated. We concentrate
here on lossless thin films and, therefore, we can write the equation for θl directly as

θl = arcsin
(

n0(λ)
nl(λ)

sinθ0

)
. (2.11)

If the layer’s absorption were included, the complex refractive index N would be

N = n− i kex, (2.12)

where kex is the extinction coefficient (often [32] marked k but in this thesis we want
to distinguish it from the propagation coefficient k) and n is the real part of refractive
index as used before. In many cases absorption is not expressed by the extinction
coefficient but by the absorption coefficient α. Their relation is

α =
4π kex

λ
. (2.13)

The complex refractive index can be used in calculations with this formalism as long
as the absorption is relatively small, and the propagation angles can be estimated
from the real part of the eq. (2.12), while the imaginary part is used in the propagation
matrix phase term to describe the attenuation of the field.

Now the formalism allows us to combine the matrices to account for all layers in the
thin film structure

(
M11 M12
M21 M22

)
= D−1

0

[ N

∏
l=1

Dl Pl D−1
l

]
Ds. (2.14)
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This formalism can also be applied to layers with a graded refractive index profile
by dividing the graded index layers into thinner sublayers with constant refractive
index and their own boundaries. It should be noted that this model is based on wave
optics and hence it works best for layer thicknesses from several nanometers to a
few micrometers. In this range optical thin film imperfections remain small and the
theory is consistent with the experiments. When the thin films are patterned, one
needs to use Fourier optics to account for three dimensional effects.

Optical thin film reflectors

So far we have considered thin films in relation to their general properties and ana-
lyzed wave function behavior inside the optical thin film but we have not yet derived
the reflectivity (R) or transmission (T ) of a layer structure. If we assume that the films
are flat and smooth and all boundaries are parallel to each other, we can calculate the
reflectivity with high accuracy. However, reflectivity can be reduced by absorption,
scattering [103], surface roughness and impurities in the layers. These factors are
usually irrelevant to typical thin films and they become significant only in more ex-
treme cases like when one tries to reach or measure ultra high reflectivities [104].

From the transfer matrix notation, eq. (2.5), we can derive an expression for the
reflectivity of a thin film. By definition, the amplitude reflectance r is the ratio of
an electric field reflected from a surface and the field directed towards it. In our
formalism these fields are A0 and B0, respectively (see Fig. 2.3). When we also
assume that no light is arriving from the substrate side, i.e. Bs = 0, the amplitude
reflectance is given by

r =
B0

A0
. (2.15)

Equation (2.5) can now be written in the form(
A0
B0

)
=
(

M11 As
M21 As

)
. (2.16)

Finally, the reflectivity for our thin film structure is the absolute value of the ampli-
tude reflectance squared:

R = |r|2 =
∣∣∣∣B0

A0

∣∣∣∣2 =
∣∣∣∣M21 As

M11 As

∣∣∣∣2 =
∣∣∣∣M21

M11

∣∣∣∣2 . (2.17)
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All components of M are naturally functions of wavelength and they depend on re-
fractive index. However, when we calculate a large number of wavelength compo-
nents and form a spectrum, it is often useful to calculate the accumulated phase ϕ or
phase change in the thin film structure. This can be calculated by extracting [105] the
phase angle of the complex ratio of electric field components as

ϕ =−phase angle(r) =−phase angle
(

M21

M11

)
. (2.18)

In addition to this, one also needs to correct the discontinuation of phase function by
adding or subtracting 2π cumulatively to every discontinuous phase value. When the
phase calculations are handled properly, calculating the group delay (GD) and group
delay dispersion (GDD) becomes trivial. Group delay τg means the rate of change of
the total phase shift with respect to angular frequency. It is given by

τg =
dϕ

dω
= ϕ

′, (2.19)

and can be directly calculated from our phase by remembering that ω = 2πc/λ and
dω = (−2πc/λ2)dλ. We get

τg =
dϕ

dω
=− λ2

2πc
dϕ

dλ
. (2.20)

Using the group delay, calculating the group delay dispersion is straightforward. A
usual measure of GDD is the dispersion parameter D, which is defined as

D =
dτg

dλ
. (2.21)

Typical values for group delay are a few ps for resonant structures and some fs for oth-
ers. The dispersion parameter D is often given in units ps/nm or fs/nm but specifically
for dispersive optical thin films the unit fs2 is much more common. Unit conversion
is obtained by GDD[fs2] = −GDD[fs/nm]·λ[nm]2/(2πc[m/s]) ·106.

It is worth noting that this formalism has the disadvantage that analytical calculations
easily become tedious. However, this algorithm can be easily implemented using
any software that has linear algebra tools. The formalism becomes more complex
in the case of short pulse propagation due to the effect of nonlinearities and higher
order dispersion terms [106]. We also need to remember that ultra short pulses have a
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very short coherence length and our analysis assumes that films are ’thin’. Therefore,
transfer matrix results should not be carelessly interpreted with femtosecond pulses.

2.7 Thin film design

Thin film design tries to fulfill set targets as well as possible for surface properties.
These properties can include adhesion, thermal properties, homogeneity, manufac-
turing robustness, dispersion etc. but most important are the reflectivities and trans-
missions at target wavelengths.

As was shown in the previous sections, calculation of the optical properties of a given
thin film coating is a straightforward task. However, film design for desired optical
properties is rather more difficult and requires a deeper understanding of thin film
structures. This section presents the different kinds of coating structures and tech-
niques that are used in this thesis. Good design skills are also important requirements
for thin film structure reverse engineering, which attempts to identify the errors re-
sponsible for manufacturing failures. Reverse engineering is similar to design but
requires a much greater level of understanding. In contrast to the pre-computer era,
where thin film design was limited to only the most simples cases and few layers,
modern computer aided design tools are easy to use and even a novice can design
simple structures. However, a skilled and experienced designer will most likely end
up with a better design that meets the set requirements more accurately and is easier
to manufacture. That is why the structure’s designer should preferably have a lot of
hands-on experience of depositing and characterizing coatings. Pure theoreticians
tend to design too thick layer structures that are difficult or impossible to make.

Regardless of one’s own expertise with thin films, one can use thin film structures
to advance system performance or create completely new devices without deeper
understanding of thin films. Good examples of the diverse optical coatings that are
possible are presented e.g. by Dobrowolski et. al. [107]. These include designing
complex, arbitrary reflectance profiles with an inverse Fourier transform method with
as much as 152 layers [108] to classical thin film problems with elegant solutions
using only a few layers. The possibilities seem endless if a large amount of layers
can be used while still keeping the interaction distance below the coherence length.
The fundamental limits set by scattering and quantum effects impose a certain limit
for linear optics [109].
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Fig. 2.4: Typical anti-reflection coating designs on silicon surface. As the complexity
increases the performance improves. The simples case (blue curve) is a single TiO2

layer on top of a Si-surface producing reflectivity below a few percent. An ideal single
layer coating on Si would have a refractive index of about 1.884 (green curve), but
an even better result can be achieved by a double layer structure (black curve) with
conventional materials (TiO2 and SiO2). When maximum reflectivity is set to about 0.1
% one can achieve an anti-reflection band from 875 nm to 1125 nm with six layers (red
curve).

2.7.1 Anti-reflection coatings

Anti-reflection (AR) coatings are the most common optical coatings. They reduce
the surface reflectivity and are usually designed for a particular wavelength range and
angle of incidence or range of incidence angles. Broad band, broad angle AR coatings
are used for example for eyeglasses. Theoretically, AR coatings with zero reflectivity
at one wavelength can be attained by one or two lossless dielectric layers of the
proper refractive index. However, broadband anti-reflection coatings require use of
complicated multi-layer structures, and do not reach absolute zero reflectivity at any
point but instead remain below a certain level over a broad range of wavelengths. In
certain cases not even a large number of layers can give a good result. Then the only
chance is to look for solutions with patterning the coating which can enhance e.g.
behavior in a wide range of angles [110]. In Fig. 2.4 a few examples of simple and
more complicated AR designs are presented.

In the following we describe the most common types of AR coatings. The first and
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most simple structure is a single layer with thickness d = λ/(4n) and n0 < n <

ns, where λ is the target wavelength, n0 is the refractive index of the propagation
medium, n the coating refractive index, and ns the substrate refractive index. A par-
ticular case for a single layer coating is when n =

√
n0ns. In this case the reflectivity

goes to zero at a wavelength λ = d · 4 · n(λ). Usually it is difficult to find a material
to match this condition but in some common cases, such as air to glass interfaces,
reflection can be reduced below 1 % over a broad wavelength range with a MgF2

layer. This is due to the fact that MgF2 has an exceptionally low refractive index
in the visible and near IR wavelength ranges (n ≈ 1.37 at 1 µm) and a low absorp-
tion coefficient. This coating is probably the most popular monolayer anti-reflection
coating.

The second category is two layer coatings, also known as V-coatings due to their V-
shaped reflectivity spectra in the AR-region, with n0 < n1 < n2 < ns. V-coatings are
very useful for the laser industry because of their simplicity and low reflectivity over
a narrow bandwidth. An example of a V-coating is presented in Fig. 2.4. A V-coating
is easy to design since it can be analytically calculated [32] as follows. The phase
thickness for a thin film is

ϕi =
2π

λt
nidi, (2.22)

where di is the thickness and ni the layer refractive index of the i-th layer. λt is the
target wavelength. The evaporated layer phase thicknesses squared need to be

tan2
ϕ1 =

(ns−n0)(n2
2−n0ns)n2

1

(n2
1ns−n0n2

2)(n0ns−n2
1)

(2.23)

and

tan2
ϕ2 =

(ns−n0)(nsn0−n2
1)n

2
2

(n2
1ns−n0n2

2)(n
2
2−n0ns)

, (2.24)

where n0 is the intermediate material refractive index, usually air, n1 is for the first
layer from the top and n2 for the second layer i.e. first evaporated layer here. This
order of indexing layers in used throughout the thesis and is quite common in thin film
literature. Of course this order needs to be reversed when one writes the evaporation
recipe for the thin film structure. The usable thicknesses can now be solved from
equation (2.22). The thickness di is

di = arctan
(√

tan2ϕi

)
λt

2πni
. (2.25)

However, even if one follows this design accurately, it doesn’t necessarily work in
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reality, and there can be two separate solutions due to the different roots of the square
root and different quadrants with the tangent function. According to Macleod [32],
for a solution to exist, i.e. layer admittances to match, either all three of the following
expressions must be positive, or two negative and one positive:

n2
2−n0ns, (2.26)

n2
1ns−n0n2

2 (2.27)

and
n0ns−n2

1. (2.28)

When analyzing all the expression combinations, we see that this rule can be further
simplified mathematically by multiplying the expressions and requiring the product
to be positive:

(
n2

2−n0ns
)(

n2
1ns−n0n2

2
)(

n0ns−n2
1
)

> 0. (2.29)

The V-coatings performance depends somewhat on the substrate and the available
materials, but for example, on a semiconductor surface, one can reach reflectivity
levels below 10−4 [111]. However, accurate direct measurements of such reflectivity
is challenging because of substrate rear side backreflections and unwanted reflections
from measurement the instrument’s optical boundaries.

When coating silicon or similar semiconductor samples one can evaluate the evapo-
ration result with a witness, or monitor, sample. The monitor sample rear side can
then be filed or scratched to significantly reduce the backreflection and we can obtain
a better reading of the actual coating. This is especially important when we operate
in a region where the substrate’s absorption changes rapidly: e.g. silicon in the range
of 1000–1300 nm, where the Si substrate absorption drops dramatically due to the
bandgap, absorbs a lot of the light entering the substrate near 1 µm, but is fairly trans-
parent beyond 1300 nm. Such substrate absorption inequality appears as a shift in the
monitor sample’s reflectivity spectrum compared to a monitor sample whose the rear
surface has been roughened. This phenomenon is shown in Fig. 2.5.

A third category of AR coatings is multilayer coatings, where high (nH) and low (nL)
refractive index materials alternate: n0|nL|nH | · · · |nL|nH |ns, and the order of materi-
als is determined by the refractive indices of the substrate and intermediate media.
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Fig. 2.5: A typical two layer anti-reflection coating on a silicon surface. The moni-
tor sample was first measured without preparations and then the silicon rear side was
scratched heavily to reduce backreflections. Notable is the shift not just in the minimum
reflectivity level, but also the minimum wavelength position.

Generally, the layer order should minimize the index change at the first and the last
boundary. Also, more than two materials can be used to reduce the total thickness, or
to adapt to more complicated spectral requirements. Overall performance, i.e. trans-
mission bandwidth and level, is limited by material properties and manufacturing
technology, which dictate the maximum total thickness and number of layers.

Each layer is designed for a customized thickness. In the pre-computer era smart
analytical designs and design practices like those presented in [112, 113] were used.
Nowadays broad band anti-reflection coatings are designed with powerful computer
tools that refine the initial structure within certain constraints to match the set targets.
One can write one’s own program with any programming language or use commercial
software like ”The Essential Macleod” [114]. The initial structure should consist of a
basic structure which uses materials and a layer number which are approximately cor-
rect, and thus allows the problem at hand to be at least partially solved. This is where
expertise is most valuable and the biggest mistakes can be made. A good designer
chooses a suitable structure basis and modifies it before refinement so that refining
leads to convergence to a optimal solution. Targets are values of e.g. reflectivity,
transmission, dispersion or phase at specified wavelengths, angles and polarizations.
Each target should also be weighted to distinguish the important targets from the less
significant ones. Setting the targets is an important step of the design since too dif-
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Fig. 2.6: An example of simplifying a complex layer structure without significantly in-
creasing the figure of merit. Different colors represent different materials with different
refractive indices. The physical thickness changes slightly and the direction of change
depends on whether we replace high refractive index material with low refractive index
or vice versa.

ficult targets are impossible to reach and refinement might not find a good solution
at all if the targets are ill-considered. On the other hand, setting the targets too low
doesn’t utilize the full potential of the layer structure, and one might end up with an
unnecessarily thick structure for the target performance. Naturally the first targets
set can be modified during the design process and the end result may vary signifi-
cantly from the first version. In order to limit the refinement process to reasonable
parameters the design needs constraints for e.g. the maximum number of layers and
the total maximum thickness of layers or certain materials. Finally, when the design
is ready one should always check if it contains very thick layers or ultra thin (few
nm) layers. Very thick layers are sometimes a sign of a non-optimal solution to the
design problem and ultra thin layers, e.g. 1/200 λt , can often be removed without
changing the reflectivity spectrum significantly and removing such a layer simplifies
the evaporation process, saving time. The layer removal is done by adding an opti-
cally equivalent thickness of material to the next, thicker layer, i.e. by merging it with
another layer. If the structure has two alternating materials, the process effectively
merges three, or a higher odd number of layers as presented in Fig. 2.6.

Another category of anti-reflection coatings includes coatings with absorbing layers.
These don’t transmit light at the absorbing wavelength region and hence they empha-
size the anti-reflection or filtering properties in the coatings at the expense of high
transmission, which makes them less useful than purely dielectric coatings. In this
thesis we don’t deal with this kind of coatings to any great extent but they are a sig-
nificant type of coating and worth mentioning. A common use of absorbing layers is
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Fig. 2.7: An example of an AR coating that is highly transparent at 0.9–1.1 µm from
publication P4. The coating consists of 30.4 / 76.0 / 166.8 / 34.8 / 102.1 / 46.4 / 159.5
/ 181.8 nm of TiO2(n = 2.15) / SiO2(n = 1.45) / · · · / TiO2. The substrate was fused
silica.

in telescopes and binoculars, where a special layer absorbs the yellow sodium lines
typical of most city lights. With a proper dopant one can reach very high absorption
at particular wavelengths, but sharp changes from one wavelength region to another
are impossible for absorption filters.

A reflectivity spectrum of a typical AR coating in this thesis is presented in Fig. 2.7.
In this example the coating consists of four pairs of SiO2/TiO2 layers. The struc-
ture was designed with a Matlab based computer program that utilized the algorithm
described in [115].

As a summary of AR coatings, they are at the most common optical thin films and
irreplaceable in most modern optical systems. The difficulty in producing or design-
ing AR coatings depends largely on the required performance and situation. A lot
of information about the coating environment, system requirements and design con-
straints is needed in order to realize an optimum AR coating. An optimal solution is
a compromise between the absolute value of the reflectivity, transmission bandwidth,
robustness of the structure, cost, manufacturing time, adhesion, scratch resistance
etc. Limiting factors are available materials and their refractive indices, absorption
coefficients and the accuracy of controlling the thickness of each film during the de-
position.
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2.7.2 High reflective coatings

High reflective (HR) coatings are a highly important group of thin film coatings.
The simplest ones consist of a single layer of aluminum, silver, gold or chromium
deposited on a flat plastic or glass surface. They are not much different from antique
metal mirrors with polished silver plates. The simplicity of such a mirror is due to
the basic Fresnel equations [33]: the amplitude reflection coefficient, when electric
field is perpendicular to the plane of incidence, is

r⊥ ≡
(

E0r

E0i

)
⊥

=
ni cosθi−nt cosθt

ni cosθi +nt cosθt
, (2.30)

where E is the electric field, indices i,r and t refer to intermediate, reflected and trans-
mitted angles (θ) and corresponding refractive indices (n). Similarly, the amplitude
reflection coefficient for the field parallel to the plane of incidence is given by

r‖ =
nt cosθi−ni cosθt

ni cosθt +nt cosθi
. (2.31)

The equation for the amplitude reflection coefficient can be substituted for the left
part of eq. (2.17) and for the case, where ni = 1 in normal incidence, we get

R =
(

nt −1
nt −1

) (
nt −1
nt +1

)∗
. (2.32)

Therefore, since the complex refractive index can be split into real and imaginary
components nt = nR− i nI ,

R =
(nR−1)2 +n2

I

(nR +1)2 +n2
I
. (2.33)

This form of equation, with the knowledge that for metals the refractive index imag-
inary component is significantly higher than the real part, reveals the origin of shiny
metal surfaces. For example for silver it gives a reflectivity higher than 99 % over a
broad reflectivity spectrum from 900 nm to 10 µm. However, silver oxidizes easily
resulting in reduced reflectivity. This is why gold coatings are more common above
0.7 µm [116]. The harmful oxidation process can be reduced by a protective dielec-
tric layer which is typically a 10–30 nm layer of Al2O3. Moreover, in the UV region
most metals make poor mirrors but Al is an exception. Al mirrors reflect over 80 %
at 200 nm whereas other typical metal mirrors reflect less than 50 %. Al mirror are
also easy to manufacture and have a fairly high reflectivity over the whole UV-VIS-
IR-range making it one of the most popular HR mirror materials.
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Fig. 2.8: An example of a high reflective DBR layer structure on GaAs substrate. The
DBR was made of SiO2 and TiO2 using an electron beam evaporator.

Even though metal coatings are simple and quite highly reflective, they absorb part of
the incident light and hence cannot be used in situations where low loss is required.
Absorption in the mirror can also lead to catastrophic optical damage (COD), usually
originating from a defect inside the mirror. Metal mirrors have a tendency to oxidize
and they are usually protected with a thin dielectric layer, e.g. with a few tens of
nanometers of Al2O3.

In contrast to metallic mirrors, dielectric HR mirrors, like the one shown in Fig.
2.8, are nearly lossless and can achieve higher reflectivities through use of a proper
periodic structure. Dielectric HR mirrors are based on cumulative interference at
every second interface of the layer structure. The reflected wave is designed to be at
the same phase as the one arriving deeper from the structure. In this way the residual
transmission gets smaller and smaller as the periodic structure becomes thicker.

An optimal type of dielectric reflector, called a distributed Bragg reflector (DBR),
consists of a substrate with a refractive index ns followed by multiple (N) pairs of
alternating low (nL) and high (nH) refractive index layers, each with a thickness (d)
dependent on the target center wavelength (λB):

d =
λB

4 n(λB)
. (2.34)
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λB is also called the Bragg wavelength. This structure can be written in transfer
matrix form with eq. (2.6)–(2.11) and (2.14). We obtain the propagation matrix

Pl =
(

eiφl 0
0 e−iφl

)
=
(

i 0
0 −i

)
(2.35)

and the system matrix for a single quarter-wave layer is

DlPlD−1
l =

(
1 1
nl −nl

)(
i 0
0 −i

)
1
2

(
1 1

nl

1 − 1
nl

)
= i
(

0 1
nl

nl 0

)
. (2.36)

Thereby, the transfer matrix for the whole DBR structure is

M = D−1
0

[
N

∏DHPHD−1
H DLPLD−1

L

]
Ds

=
(−1)N

2

1
1
n0

1 − 1
n0


 N

∏

 0
1

nH
nH 0

 0
1
nL

nL 0

( 1 1
ns −ns

)

=
1
2
(−1)N


(

nL

nH

)N

+
ns

n0

(
nH

nL

)N (
nL

nH
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− ns

n0

(
nH

nL
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(
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nH
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n0

(
nH
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)N (
nL
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+
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(
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)N

 . (2.37)

This can then be substituted into eq. (2.17) to get the DBR’s reflectivity at λB at
normal incidence:

R =
∣∣∣∣M21

M11

∣∣∣∣2 =

∣∣∣∣∣∣∣∣∣
ns

n0
−
(

nL

nH

)2N

ns

n0
+
(

nL

nH

)2N

∣∣∣∣∣∣∣∣∣
2

. (2.38)

This result can also be found in other equivalent forms [102, 117]. Nonetheless, it
is important to realize that a reflectivity of 1 can never be reached. Using typical
dielectric materials, mirrors that reflect at least 99.99984 % [104] have been reliably
demonstrated. The ultimate limiting factors for mirror reflectivity are scattering, ma-
terial losses [118] and DBR stack adhesion (too thick layer structures are not stable
enough). A typical reflectivity curve is presented in Fig. 2.8. This DBR was used
in [P2] in the bottom section of the Gires–Tournois interferometer (GTI). More de-
tails of DBR manufacturing can be found from my Master’s thesis [119]. The usable
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DBR width ∆λ, i.e. the high reflective region, increases with refractive index contrast,
∆n = nH−nL, of the DBR layers. Typical dielectric materials for DBRs are TiO2(n =
1.9–2.6, in this thesis about 2.15), Ti3O5, TiO, Al2O3(n = 1.59) and SiO2(n = 1.44–
1.46). For the semiconductor mirrors covered in this thesis, AlAs (n ≈ 2.9 at 1.5
µm) and GaAs (n = 3.5 at 1 µm) were typical compound semiconductor materials for
DBRs. Semiconductors in this thesis were grown by molecular beam epitaxy (MBE).
The advantage of MBE is that it offers the possibility to grow both lattice-matched
and strained crystal layers, which have varied refractive index. However, semicon-
ductors have low losses only for certain wavelength regions above their bandgap and
even then, DBRs with lattice matched materials have relatively low ∆n. As a con-
sequence, the high reflectivity bandwidth of a semiconductor DBR is narrow, and a
large number of pairs, on the order of 20–40, is typically needed to reach reflectivities
over 99.9 %.

2.7.3 Dichroic coatings

Numerous applications require separation of different wavelengths of a light beam.
Typical examples of such applications are sunglasses, video projectors and laser out-
put couplers. In some cases only one wavelength range is needed and the other is
redirected away. This task can be handled with a dichroic mirror. In this thesis
dichroic coatings are used in laser cavities with closely separated wavelengths, mak-
ing the coatings fairly challenging.

Wavelength separation is typically achieved by designing an interference edge filter
with a DBR structure that reflects one of the wavelengths well and modifying it such
that it transmits the other wavelength or wavelength range. The high transmission
region naturally requires us to suppress the DBR sidebands. This can be achieved
by choosing a modified DBR-based starting structure and refining it to match the
required reflection and transmission targets.

Common edge filter starting structures [32] on top of a substrate are of the form
H
2 LHLH . . .L H

2 or L
2 HLHL . . .H L

2 , where H stands for high refractive index quarter
wave layer (see eq. (2.34)) and L for low index quarter wave layer, i.e. the structure is
the same as that of the DBR, but it starts and ends with the same material, and those
layers are only half the thickness of a normal quarter wave layer. This starting point
already reduces the sideband reflections and additional optimization based on the
targets further significantly improves the result. The starting structure can also have
a phase-matching section to dampen the sidebands even more: for example adding
a low refractive index layer (L) outside the H/2 layer dampens the sidebands for a
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Fig. 2.9: (top) An example of a SiO2/TiO2 long-wave pass filter (black). The target was
to reflect over 99 % in the 950–1100 nm wavelength range and transmit over 98 % in
the range 1200–2000 nm. The starting structure before layer optimization (green) and
a normal DBR (blue) are also presented for comparison. Refractive index profiles of the
starting structure (middle) and the long-wave pass filter (bottom) reveal that the filter
profile remains highly periodic in the optimization i.e. it is only slightly modified from
the starting point, but the figure of merit is improved by a factor of 2807.

long-wave pass edge filter. Such a starting structure is used in the example depicted
in Fig. 2.9. Of course the number of layers in the structure is important and as a rule
of thumb we can say that the more layers we have, the sharper the transition from the
high reflection to high transmission regions can be. Naturally, if we choose too high a
number of layers, the optimization becomes more complicated and we face adhesion
and manufacturing problems with the result. In our example the targets were fairly
well matched, but the optimization with Matlab’s Nelder-Mead simplex algorithm
took already 5.3 hours.



2.7. Thin film design 31

2.7.4 Dispersive mirrors

Dispersive mirrors are a major part of this thesis and their advantages and disadvan-
tages are discussed in more detail in publications [P1], [P2] and [P4] and in chapter 3.
In the following subsections we describe the background and introduce the general
structures of the basic dispersive mirrors. Fabry-Pérot etalons and Gires–Tournois
interferometers are more relevant to this thesis but double-chirped mirrors are also
discussed due to their great significance for low-dispersion compensation in ultra
broad band femtosecond solid-state lasers. However, chirped mirrors are not suitable
for fiber laser dispersion compensation because of their very small dispersion.

Fabry–Pérot etalons

The Fabry–Pérot (FP) etalon is a form of multiple-beam interferometer [35], where
the interference occurs not in separate interferometer branches like in a Mach-Zehnder
two-beam device, but instead inside a resonant structure with two high-quality paral-
lel mirrors, usually DBRs, spaced by a lossless cavity, typically made of fused silica
or evaporated SiO2. The term FP interferometer and etalon are often used inter-
changeably, but here we attempt to emphasize that ”etalon” refers to a single, solid
device, whereas ”interferometer” is more general classification and can include de-
vices and setups which have e.g. an air cavity. FP etalons are particularly important
for optics since they are used in filters to pick narrow spectral lines. However, a sin-
gle FP cavity results in a triangle-shaped transmission spectrum and the shape can be
made more rectangular by combining two or more etalons spaced by a coupling layer
in between.

The full transmission at the resonant wavelengths occurs when the parallel mirrors
have equal reflectivities (perfect mode matching is assumed). FP etalon properties for
different mirror reflectivities are depicted in Fig. 2.10. This shows that the higher the
reflectivities (R) are, the sharper the resonance lines are, i.e. the finesse is higher. Dis-
persive properties are discussed in section 3.5. Finesse is defined as ”the free spectral
range divided by the full width at half maximum (FWHM) width of resonances of an
optical resonator.” [120] The FP etalon finesse is given by

F =
π(R1 R2)1/4

1− (R1 R2)1/2 , (2.39)

where R1 and R2 are mirror reflectivities. In an ideal etalon the mirror reflectivities
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Fig. 2.10: (top) Examples of reflectivity spectra from Fabry–Pérot etalons consisting of
a 4137.9 nm SiO2 cavity between dielectric DBRs with different numbers of pairs. The
DBRs with 1000 nm Bragg wavelength have half a pair (orange, R = 0.273), 1.5 pairs
(black, R = 0.563), 2.5 pairs (blue, R = 0.771) 3.5 pairs (purple, R = 0.889) and 4.5
pairs (green, R = 0.948). (bottom) The FP etalon with 4.5 pairs at each side of the
cavity has a finesse of about 58.5 and its refractive index profile is shown in the lower
graph.

are identical, R, but this is seldom the case. Equal mirror reflectivities result in a
simplified finesse formula

F =
π
√

R
1−R

. (2.40)

However, the etalon finesse can degrade with roughness of the optical surfaces of the
mirrors [121]. The surface quality is measured as the roughness, ∆xsur f ace, which is
the deviation from the planarity and is compared to the wavelength of the light, λlight :

∆xsur f ace =
1
m

λlight . (2.41)

The deviator m in the equation is typically in the range 2–100 and relates to the
roughness finesse as
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Froughness =
m
2

, (2.42)

and thus the total finesse Ftotal is given by

1
Ftotal

=
1
F

+
1

Froughness
. (2.43)

Gires–Tournois interferometers

A Gires–Tournois interferometer (GTI) is a resonant structure consisting of two par-
allel mirrors spaced by a low loss cavity. Therefore it is similar to a FP etalon but the
top mirror should be only partially reflective, while the bottom mirror should reflect
as much as possible to avoid losses. Hence, we can call a GTI an asymmetric FP
etalon. The basic structure is presented in Fig. 2.11.

Substrate

Top DBR

Cavity

Bottom DBR

Fig. 2.11: Basic GTI structure for dispersion compensation.

If the cavity is lossless and the bottom mirror has several orders of magnitude less re-
flection losses than the top mirror, the GTI reflectivity stays high for all wavelengths,
but the phase of the reflected light is strongly frequency-dependent due to the reso-
nance effect. This causes group delay dispersion (GDD). However, in practice the
bottom mirror always leaks a certain amount of light to the substrate which results in
an effective cavity loss. The effect is especially pronounced near the resonance wave-
length where the light propagates multiple round-trips and this appears as a resonance
dip in the reflectivity spectrum. An example is shown in Fig. 2.12.

The original design was first introduced by Francois Gires and Pierre Tournois in
1964 [122]. They suggested that the structure provides a large group delay at res-
onance frequencies, which depend on the cavity optical thickness. Later, the GTI
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Fig. 2.12: An example of a dielectric GTI with visible losses at the resonance wavelength
of 1032.8 nm. However, the dispersion is zero at the resonance, where the losses are
highest, and the short pulse laser should be operated slightly below the resonance, where
losses are smaller.

group delay was used to introduce a small group delay dispersion for a dielectric mir-
ror [123] and a few years later, a GTI design was used to generate 44-fs and soon after
already 14-fs pulses [124, 125]. However, these lasers were solid state lasers with a
short crystal and required only a very small amount of dispersion compensation to op-
erate. Moreover, these lasers were pumped with bulky gas lasers, making them less
practical than modern fiber lasers. Afterwards multi-cavity thin film GTIs were intro-
duced as an alternative approach to realize anomalous dispersion mirrors [126, 127],
but these mirrors could generate only little dispersion and they could not be used for
fiber laser dispersion compensation.

Large dispersion values can be achieved near the GTI cavity resonance, but the op-
eration bandwidth becomes narrower as the mirror finesse increases and the effect
of higher order dispersion can not be neglected. Typical dielectric GTI reflectivity,
group delay and dispersion values are presented in Fig. 2.13. The design’s dispersive
properties are discussed further in section 3.4.

Double-chirped mirrors

Double-chirped mirrors (DCM) appeared in the 1990s to meet the need to compen-
sate for the gain crystal dispersion of solid state lasers in a broad wavelength range.
Compared to earlier dispersion compensation techniques, they enabled remarkable
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Fig. 2.13: (a) A typical GTI reflectivity (black) spectrum around the resonance wave-
length with corresponding group delay (green). (b) The GTI’s group delay dispersion
(solid line) and third order dispersion (dashed line).

Substrate

Quarter-wave 
section

Simple-chirp 
section

Double-chirp 
section

AR

coating

Matching  
to air

Fig. 2.14: Example of double-chirped mirror sections. All the sections are merged in the
end result, and sections other than the DCM section are not necessarily required. How-
ever, including them in the initial structure gives a good starting point for subsequent
design optimization.

improvements in the field of generating ultra-short pulses [128, 129]. The required
reflectivity needs to be high over a wide spectral range because these lasers, e.g. Ti-
sapphire, do not tolerate high cavity losses [130]. This can be achieved with a DBR-
like structure with some modifications concerning the phase shift and consequently
mirror dispersion. Naturally, mirrors need to be dielectric due to material dispersion
and loss issues, but the structures nevertheless become very thick. A common DCM
(see Fig. 2.14) consists of a DBR on a substrate followed by a chirped DBR (CDBR)
section.

The chirping means that the center wavelength for the DBR stopband progressively
decreases or increases, depending on the target dispersion sign, as the layer number
( j) increases (1 being the first layer from the top). The CDBR can be followed or
replaced by a double-chirp section [131, 132] if compensation of the higher order
dispersions is required [133] or if the dispersion profile for the second order disper-
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sion needs to be of a certain shape e.g. particularly flat. The entire structure should
finally be matched to air or another intermediate medium with an anti-reflection coat-
ing to ensure optimal DCM behavior. An unmatched structure will have unwanted
roughness in the dispersion characteristics. These problems can also be reduced by
operating the mirror from the substrate side and making the anti-reflection coating at
the rear side of the component [134].

A DCM with a large GDD, on the order of several hundreds of fs2, cannot be flat
over a broad spectral range. Mirrors with GDD values on the order of ±1000 fs2 are
commercially available in a limited range, but large bandwidths of several hundreds
of nanometers typically have a dispersion of about 50±50 fs2. Such mirrors are often
used in pairs, where the GDD oscillations cancel out each other to give an overall
flat dispersion profile. The DCM’s limited dispersion is often enhanced by placing
several, or even a dozen, DCMs into the laser cavity, making the technique complex
and expensive.

Double-chirped mirror design strategy

The DCM mirrors are typically very time-consuming and challenging to design but
a reasonable result can be achieved with, for example, the following design strategy.
First we need to define parameters to vary the local Bragg wavelength (λB) and duty
cycle (r) as follows:

λB( j) = b0 +b1 j +b2 j2 +b3 j3, (2.44)

where j is the number of the layer ( j = 1 for the layer at the air interface), b0−3 are
optimization coefficients and

r( j) =
1+ tanh

(
j−P
D

)
4

, (2.45)

where P and D are optimization coefficients for the duty cycle. Next we need to
define a figure of merit (FOM), which accounts for deviations from the target disper-
sion level as well as reflection losses. An ideal design would have FOM = 0. In the
design program a preliminary Monte-Carlo optimization is done for the 6 parameters
P,D and b0−3 within predefined upper and lower limits. The last step is the full op-
timization of all layers to utilize the full potential of the layer structure and smooth
the dispersion characteristics. Usually this algorithm needs to be repeated multiple
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times in order for the designer to learn proper starting parameters and their bound-
aries for the refractive index pair in use. As a rule, the higher the relative refractive
index change for the used materials is, the broader the wavelength range that can be
achieved.

2.8 Summary

In this thesis work we have studied the available material selection for optical thin
films and chosen the optimal materials for each purpose. Our thin film design is
based on mature design practises which we have developed further in this work to
aid ultrafast fiber laser development. The most important thin film structures in this
thesis are Gires–Tournois interferometers, Fabry–Pérot etalons, dichroic mirrors and
anti-reflection coatings.
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3. YTTERBIUM MODE-LOCKED FIBER LASERS

This chapter gives a short overview of ytterbium fiber laser mode locking and the
main components for mode-locked fiber lasers. We then discuss the work done in this
thesis to improve Yb-fiber laser performance using alternative, advanced solutions.
The main emphasis is on fiber laser dispersion compensation, showing new options
to be reckoned with for anyone wanting to design a simple short pulse fiber laser.
The main advances deal with compensating for cavity fiber dispersion with electron
beam evaporated dielectric thin film structures.

3.1 Mode locking

Though short pulses can be achieved with the Q-switching technique [135], the short-
est laser pulses can be generated exclusively via mode locking (ML). It is based on
multiple modes exited in the laser cavity with coupled phases. This sets a number of
requirements for the laser dynamics and dispersion properties in order for the mode
locking to be started and sustained. Self-starting requires that the laser cavity favors
short pulses over cw light. After that the mode-locked pulse evolves for some hun-
dreds to a few thousand round trips [136] until it reaches the steady-state. However,
the pulse duration doesn’t evolve to the ultrashort regime unless the dispersion and
pulse shaping mechanisms are properly adjusted. The small anomalous dispersion
required for soliton formation usually enables even shorter pulses by balancing the
cavity GDD and the nonlinear refractive index change from self-phase modulation
(SPM).

3.1.1 Active mode locking

Fiber lasers can be mode-locked either actively or passively [137]. Active ML, where
a modulator introduces amplitude or phase modulation to the laser cavity, requires an
external signal to sustain the mode locking. The modulation frequency, ωm, needs
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to be matched closely to the laser’s mode separation frequency ∆ωe [138], which is
determined by the cavity round trip time, TR, as

∆ωe = 2π
1
TR

. (3.1)

This modulation causes the laser axial mode with frequency ωe to form sidebands at
frequencies ωe± n ·ωm. These sidebands then enable the axial modes to lock their
phases together. As a result of this mode coupling, the multiple spectral components
form a Gaussian pulse [139]

E(t) = E0 exp
(
−t2/τ

2), (3.2)

where the τ is proportional to the pulse duration and is given by

τ = 4

√
8g

mωm ωg
, (3.3)

where m is the modulation depth, ωm is the modulation frequency and ωg is the gain
bandwidth. However, it is important to note here that the pulse width is not limited
merely by the gain bandwidth and modulation but also by the dispersion.

3.1.2 Passive mode locking

Ever since the first picosecond pulses were generated with only the help of a pas-
sive, saturable absorber element, e.g. semiconductor, [140, 141], passive mode lock-
ing has been the means for generating the shortest pulses [139]. Nonlinear optical
methods for passive mode locking [137, 139] include use of fast or slow saturable
absorbers, additive pulse mode locking (APM), polarization APM, Kerr-Lens mode
locking (KLM) and nonlinear amplifying loop mirrors (NALM) as artificial saturable
absorbers.

When dealing with fiber lasers, we need to remember that they are also susceptible
to Q-switching and Q-switched mode locking (QSML) due to their long upper-state
lifetimes. This can be avoided by using a saturable absorber with low modulation
depth even though this makes laser self-starting more difficult [138].

As with active mode locking, a broad spectrum is needed to support short pulses. In
an ideal case, i.e. the best pulse quality, the relationship between the pulse width ∆τp

and the spectral width ∆ωs is governed by the Fourier transform limitation, which
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tells us that for a Gaussian pulse the time-bandwidth product [142] is

∆τp ∆ωs ≥ 0.441. (3.4)

This product for a hyperbolic secant (sech) pulse shape is about 0.315. This means
that, for example, the shortest pulse durations that can be generated at 1030 nm with
a spectral bandwidth of 2 nm are 727 fs for Gaussian pulses or 557 fs for sech pulses.

3.2 Ytterbium fiber lasers

Ytterbium (Yb) is a rare-earth element that is nowadays a common optical fiber
dopant. Ytterbium fiber can provide a broad-gain bandwidth with excellent power
conversion efficiency, enabling high output power from a laser or amplifier [143]. Yb
can also be inserted at high doping levels with e.g. the direct nanoparticle deposition
(DND) process [144], leading to high gain in a short length of fiber [P2]. The broad
gain bandwidth is required for ultrashort pulse amplification while the high saturation
fluence allows for high pulse energies. The ytterbium absorption and emission cross
section and energy level diagram are presented in Fig. 3.1. Ytterbium’s remarkable
gain bandwidth is also demonstrated in [P1], where Yb provides gain for picosecond
pulses in the whole range from 980 nm up to 1105 nm.
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Fig. 3.1: (left) Ytterbium-doped fiber absorption and emission cross section and (right)
energy level diagram [145].

As a result of ytterbium’s high conversion efficiency and good thermal dissipation
techniques, Yb-fiber lasers with amazing power levels have been demonstrated in
both cw and ultrafast regimes [70, 72]. The efficient heat dissipation of the fiber
owing to its large surface to active volume ratio and the superb beam quality of the
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guided mode determined only by the fiber core characteristics are the well-known
advantages of single-mode fibers. High power is also supported by the long interac-
tion length. This is especially helpful when using double-clad fiber since the pump
light is launched into the outer cladding and is gradually absorbed to the inner core
over the entire fiber length. However, the long interaction length also brings prob-
lems to ultrafast lasers with fiber nonlinearities like SPM, which originates from the
third-order susceptibility χ(3), and is responsible for the intensity-dependent refrac-
tive index in the form of n = n0 +n2 I. Another fiber nonlinearity issue is stimulated
inelastic scattering [146], where the light transfers a part of its energy to the glass
host material in the form of excited vibrational modes. A frequency shift of about
13 THz is observed with the excitation of optical phonons. This process is called
stimulated Raman scattering (SRS). A smaller shift occurs with stimulated Brillouin
scattering (SBS) when an acoustical phonon is excited and the shift is on the order
of 17 GHz. Both SRS and SBS could provide a notable power loss mechanism in
high intensity fiber lasers but when dealing with ultrashort pulses in fibers, the large
spectral width is much broader than the Brillouin gain bandwidth and the effect of
SBS is negligible.

Ytterbium fiber lasers have various applications ranging from laser welding [147]
and supercontinuum generation [148–150] to more sophisticated applications like
coherent anti-Stokes Raman scattering (CARS) microspectroscopy [151].

3.2.1 Saturable absorbers

The upper-state lifetimes of rare-earth-doped fibers are long (ms level), implying that
the gain does not recover within the cavity round-trip time, which is typically below
1 µs. Therefore, a fast nonlinear device is needed to clean up both the leading and
trailing edges of the pulse and a fast saturable absorber is one solution.

Saturable absorbers are divided in two categories depending on their recovery time,
fast and slow. Semiconductor, carbon nanotube and dye have been used in ultra-
fast lasers, but this thesis concentrates on semiconductor saturable absorber mirrors
(SESAMs) for mode locking. The absorbers used in this study are described in many
publications and a more complete overview of SESAM design and their parameters
can be found from [138, 152].

There are four important parameters for SESAMs. They are

• recovery time (τA),
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• saturation fluence (Fsat,A), which is the saturation energy (Esat,A) per unit area
that reduces the initial low-intensity reflectivity to 1/e (∼37 %) of its initial
value, a typical unit is µJ/cm2,
• modulation depth (q0), also known as saturable (bleachable) losses and
• non-saturable losses (qnonsat), preferably as small as possible.

In addition to these parameters, properties like damage threshold and two-photon
absorption (TPA) and the resulting roll-over (additional losses) can be important
with ultrafast lasers. Typical SESAM behavior with increasing fluence is shown in
Fig. 3.2.

0.1 1 10 100
0

2

4

6

8

10

12

 

 

R
ef

le
ct

iv
ity

 C
ha

ng
e 

(%
)

Fluence (μJ/cm2)

Fsat,A=3.0 μJ/cm2

Fig. 3.2: Nonlinear reflectivity of a GaInNAs-based SESAM [P1]

3.2.2 Fiber components

Fiber lasers consist of different fiber components, and most of them contribute to
the cavity dispersion. Typical components are fiber couplers, like output couplers
and wavelength division multiplexers (WDMs), fiber isolators, fiber pigtailed pump
diodes and gain fiber. All these components are based on commercial mature tech-
nology and are readily available.

Whereas laser mirrors have individual GDDs per reflection, for fiber the dispersion
accumulates throughout the whole fiber. Moreover, the dispersion for fibers is a sum
of material and waveguide dispersion and thus it is convenient to account for these
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together using a mode-propagation constant [146], β, and expand it mathematically
in a Taylor series about the spectrum center frequency, ω0, as

β(ω) = n(ω)
ω

c
= β0 +β1 (ω−ω0)+

1
2

β2 (ω−ω0)2 +
1
6

β3 (ω−ω0)3 + · · · , (3.5)

where

βm =
(

dmβ

dωm

)
ω=ω0

(m = 0,1,2, . . .). (3.6)

The β2 represents dispersion of the group velocity and is the main mechanism re-
sponsible for pulse broadening in fiber. The phenomenon is known as group velocity
dispersion (GVD) and β2 is the GVD parameter. However, in fiber optics literature,
dispersion is often given by the dispersion parameter, D, which is related to β2 by the
relation

D =−2πc
λ2 β2. (3.7)

D is usually given per unit length in units ps/nm/km and for standard fiber it is zero
around 1.31 µm. This wavelength is called the zero-dispersion wavelength, λD. Near
λD third order dispersion (TOD) becomes dominant.

3.3 Dispersion compensation techniques for the 1 µm region

The fiber’s normal dispersion is one of the major obstacles for ultrafast pulse gen-
eration in ytterbium fiber lasers even though mode locking with short pulses is also
possible in positive net-cavity dispersion fiber lasers [153].

If a light pulse is propagated through a medium with normal dispersion, the result
is that higher frequency components (blue) travel slower than lower frequency (red)
components. The pulse therefore becomes chirped. Conversely, if a pulse travels
through an anomalously dispersive medium, high frequency components travel faster
than lower frequency ones. The result of GVD, whether negative or positive, is ulti-
mately temporal spreading of the pulse.

However, there are various ways to compensate for the cavity dispersion and this the-
sis provides a few new ways to do it. A common dispersion compensation method
uses a diffraction grating pair, where the pulse is spread spatially and different fre-
quencies propagate for different distances. The basic concept of a diffraction grating
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pair is shows in Fig. 3.3. Positive features include high damage threshold and large
attainable dispersion. However, such a system easily has 25 % losses even with good
alignment and it is somewhat bulky due to the required free space components. In
addition to the gratings, the light has to be collimated from the fiber to the gratings
with an extra lens and reflected back with a mirror. Gratings can also be positioned
in a more complicated non-parallel configuration with two lenses to achieve normal
dispersion for e.g. pulse stretching.

λ

Fig. 3.3: Grating pair configuration for anomalous dispersion i.e. the shorter wave-
lengths (in blue) travel a shorter path than the longer wavelengths (in red). The arrow
points in the direction of increasing wavelength.

Another common method for dispersion compensation is a prism pair, or four prisms
to restore the original shape of the collimated beam. The prism sequence, shown in
Fig. 3.4, is a classical solution for creating negative or positive dispersion in a laser
cavity [154,155]. Prisms are generally used at the minimum deviation angle, i.e. with
the incident angle equal to the exiting angle. The apex angle, φ, should be cut in such
a way that the rays enter and leave each prism at Brewster’s angle. This minimizes
reflection losses from the prism surfaces. Anomalous dispersion at 1 µm occurs when
the angular dispersion, which is anomalous, overcomes the prism’s normal material
dispersion. This requires the prism separation, L, to be large enough, making the con-

L
λ

φ

φ

Fig. 3.4: A prism pair inducing negative (anomalous) group delay dispersion.
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figuration space-consuming. Moreover, a prism pair configuration is difficult to align
and doesn’t produce high dispersion values at reasonable prism separations. This is
why prism pair use with fiber lasers is typically limited to compensation of higher
order terms with e.g. grating pairs. Detailed calculations of dispersive properties can
be found for example in [155, 156].

In addition to grating pairs and prisms, there are also various other methods for dis-
persion compensation at the Yb-gain region; these include GTI’s and FP etalons,
which are discussed in this thesis, various semiconductor structures like dispersion-
compensating saturable absorber mirrors (D-SAM), resonant saturable absorber mir-
rors (RSAM) and dispersive fibers like photonic band gap fibers (PBGF) [157, 158]
(see Fig. 3.5), which are a form of photonic crystal fiber (PCF), fiber tapers and
chirped fiber Bragg gratings (CFBGs). Typical properties of these components are
summarized in Table 3.1. In this table we are particularly interested in the bandwidth-
GDD-product (∆ωGDD [THz] x β2 [fs2]), which gives a good figure of merit for the
method. We also compare the third order dispersion (TOD) to the reveal methods’
suitability to ultrashort pulse generation. From the table we can conclude that no sin-
gle method is suitable for every application but when it comes to fiber lasers, DCMs,
chirped mirrors, prism, D-SAMs and RSAMs are of little use around 1 µm due to
their small dispersion. The CFBGs are also difficult to use because of their large
dispersion, and they have mainly been used in CPA applications. However, quite re-
cently, state-of-the-art CFBG with lower dispersion, on the order of 0.1 ps/nm, have
been demonstrated with tens of nm bandwidth, and the laser could produce ps-pulses
and down to 218 fs pulses with external compression [159].

(a) (b) (c)

Fig. 3.5: A Few examples of photonic bandgap fiber cross-sections: (a) hollow core
[160], (b) high nonlinearity [161] and (c) dispersion compensating [162].
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Table 3.1: Comparison between different dispersion compensation methods. Band-
widths for GDD are FWHM unless the device transmission or reflectivity sets a more
strict limitation for laser operation. GDDs are average values over the usable band.

Bandwidth GDD Bandwidth x TOD
Method (nm) / (THz) (fs2) GDD (THz x fs2) (fs3) References

GTI 1.8 / 0.51 −1.44 ·105 −7.4 ·104 ∼ 5 ·107♦ [P2]
GTIP 3.5 / 1.0 −1.53 ·105 −1.5 ·105 ±3 ·107♦ Fig. 3.10
FP etalon] 3.56 / 0.98∗ −2.0 ·104 −1.95 ·104 −6 ·106 [P4]
DCM 370 / 49 –100 −4.9 ·103 very low [163]
DCM pair? 600 / 250 ∼ –50 −1.2 ·104 very low [164]
Chirped mirror 300 / 128 –50 −6.4 ·103 +75 [129]
Grating pair� ∼ 80 / 22 −8.2 ·104 −1.8 ·106 +1.8 ·105† [165]
Prism pair‡ 500 / 180 –640 −1.1 ·105 +1380 [155]
PBGF 22 / 6.1 −5 ·104 −3.1 ·105 1.4 ·106 [162]
Fiber taper• 100 / 27.3 −2.87 ·104 −7.8 ·105 3 ·104 [166]
CFBR 27 / 7.4 −2.58 ·106z −1.9 ·107 high [149]
D-SAM 15 / 6.3 −400 −2.5 ·103 low [167]
RSAM 7 / 1.9 –3150 −5.8 ·103 2.0 ·105 [168]

Remarks
♦ A typical value, TOD varies considerably in the usable range as seen in Fig. 3.11
] Values are for one round trip
∗ Bandwidth is limited by the transmission
? Two-mirror system, bandwidth x GDD per mirror is −6.2 ·103 THz fs2

� Double pass, 1200 lines/mm, separation 1 cm, β=55◦, bandwidth is a rough estimate
† The ratio of TOD and GDD increases with lines/mm, e.g. typical β3/β2 =−4 fs for

1200 lines/mm and β3/β2 =−15 fs for 1750 lines/mm
‡ Double pass, L = 50 cm
• Taper waist diameter about 1.8 µm, waist length 20 cm, TOD estimated in [169]
z Far too great for Yb-fiber laser cavity compensation, used mainly in CPA configurations

3.4 GTI dispersion compensation

One of the major results of this thesis is the demonstration that a properly designed
GTI can compensate for the Yb-doped fiber laser cavity dispersion [P1–P2]. This is
possible due to the large anomalous dispersion in a GTI below the resonance wave-
length (see Fig. 3.6). However, the large dispersion can be generated only over a
relatively narrow bandwidth. The autocorrelation reveals that the spectrum is suffi-
cient to support at least 1.5 ps pulses which are shown in Fig. 3.7. A certain error in
the pulse width measurement is always present with autocorrelation due to the fact
that the pulse shape is assumed. We used a Gaussian pulse shape in our fit and be-
lieve that it best resembled our situation. At the time, we were not able to perform
dispersion measurements for our GTI in [P2] but later it was fully characterized us-
ing a phase-locked interferometer dispersion measurement system. As a result, the



48 3. Ytterbium mode-locked fiber lasers

calculated GDD values proved to be accurate within a few percent compared to the
measured values, which is evident from the group delay results presented in Fig. 3.8.
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Fig. 3.6: (top) The measured reflectivity and calculated GTI group delay dispersion in
[P2]. (bottom) Laser spectra with and without GTI dispersion compensation.
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Fig. 3.7: The autocorrelation trace in our Yb-doped fiber laser using a normal high
reflective mirror and a GTI. The pulse widths were obtained from the Gaussian fits of
autocorrelation with a conversion factor that is a function of the assumed pulse shape.
For a Gaussian pulse the factor is 0.707. We can see that the pulse width is shortened
to a tenth of the original using a GTI structure.
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Fig. 3.8: The measured GTI group delay and the calculated target shows remarkably
good correlation. The measured sample is similar to the one shown in [P2] but with one
pair less in the top DBR section.

The GTI’s FWHM bandwidth times its maximum dispersion is fairly constant but we
can increase it by using a GTI prism (GTIP) which was invented during this thesis
work and is to the best of my knowledge, the first time that this idea is presented. The
prism is a cut and polished piece of glass or other transparent material with parallel,
polished ends at a selected angle with respect to the sides. This structure is shown in
Fig. 3.9. The sides of this structure are coated with a reduced finesse GTI and a high
reflective mirror providing a multiple-bounce setup. The makes the usable bandwidth
larger and reduces the amount of dispersion per reflection.

HR surface

GTI surface

Fig. 3.9: GTI prism structure and beam propagation with three reflections from the GTI
surface i.e. a total of six reflections per laser cavity round trip.

Since the bottom mirrors are evaporated last, we can evaporate a large number of
DBR pairs to minimize losses and even finish the structure with a metallic material to
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minimize optical leakage. The light propagates in the prism and experiences multiple
(N) reflections from the GTI surface which increase the dispersion by a factor of N.
The advantageous effect is that a broader dispersion compensation bandwidth with
lower losses can be achieved. It is also worth noting that the reflection losses are
distributed more evenly throughout the usable bandwidth. An example of this effect
is shown in Fig. 3.10. Naturally, the finesse of the GTI cannot be reduced too much
since each GTI bounce needs to compensate for the dispersion of the GTIP glass
substrate. The alternative would be to build the GTIP as a free space component
consisting of a parallel high reflective mirror and a GTI. This way the number of
bounces and the GTIP aperture could be varied more easily even though the idea of
a compact, integrated component would be lost.
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Fig. 3.10: Reflectivity (dashed line) and group delay dispersion (solid line) comparison
between a single reflection from a conventional GTI and 4 reflections inside a GTIP.
The GTIP has 3.5 and the GTI 4.5 pairs in the top DBR, respectively, yielding roughly
the same losses and dispersion but broader usable bandwidth for GTIP. The usable
bandwidth is marked with bidirectional arrows.

The GTIP also has other advantages over a conventional GTI: due to the GTIP’s lower
finesse in the GTI structure, the TOD is essentially smaller, as can be seen in Fig.
3.11. The GTI also sets a fixed wavelength for dispersion compensation when used
at normal incidence reflection mode. That wavelength depends on the evaporated
cavity thickness. Now, since the GTI surface in the GTIP is designed to operate at
an angle, the resonance wavelength depends on the angle and the component can be
tuned continuously over several tens of nm by rotating it about its center. At the
same time, the laser cavity stays aligned since the GTIP ends are parallel and the
GTIP geometry does not change the beam direction but merely shifts it spatially by
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a small amount. The tuning is limited by the laser beam diameter and the GTIP
aperture. Since the reflectivity of a DBR mirror is angle-dependent, the GTI finesse
changes slightly over the tuning range, and eventually the losses grow faster as the
angle deviates significantly from the designed angle of operation. Still, I believe that
the tuning range can easily be tens of nanometers in the ytterbium gain bandwidth.
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Fig. 3.11: An example of the GTIP’s and the GTI’s third order dispersion. Both exhibit
a large TOD but the GTIP’s is still notably less.

3.5 Fabry–Pérot etalons for dispersion compensation

Fabry–Pérot etalons have conventionally been used as spectral filters in many op-
tical and laser applications. However, these have relied on high finesse FP etalons
or interferometers and typically assumed that only the high transmission peaks of
etalons are relevant to the system. Now, it has been shown in publications [P4] and
[S3] that with low finesse FP etalons, the fiber laser tends to operate in the anoma-
lous dispersion range of the etalon resulting in pulse shortening. Unlike that of an
asymmetric GTI, the FP etalon’s dispersion at wavelengths shorter than the resonance
wavelength is normal in reflection but anomalous for transmission. The change in the
sign of the dispersion occurs at a ”critical point” when the top (Rtop) and the bottom
(Rbottom) mirror reflectivities change from roughly equal (Rtop ≈ Rbottom) to a situa-
tion where the bottom mirror has notably higher reflectivity than the top mirror, i.e.
Rtop� Rbottom. Also, if the cavity has losses (or gain) like in a semiconductor GTI
device [170, 171], the critical point can change significantly.
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Fig. 3.12 presents the FP etalon transmission with the corresponding mode-locked
pulse spectrum and we can clearly see that the laser operates in the anomalous dis-
persion regime of the etalon. This is evident from Fig. 3.13 which shows a set of
round-trip transmission curves as the etalon is tuned. The figure also shows the mea-
sured round-trip dispersions in transmission mode which are different from the dis-
persion characteristics observed in the reflection.
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Fig. 3.12: Fabry–Pérot etalon configuration’s round trip transmission in a laser cavity
with the resulting mode-locked spectrum.

1035 1040 1045 1050 1055 1060 1065
-12

-9

-6

-3

0

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

 

 

Tr
an

sm
is

si
on

 (d
B

)

Wavelength (nm)

G
D

D
 (p

s2 )

Fig. 3.13: Example of Fabry–Pérot etalon tunability and transmission GDD measure-
ments.

The benefits of using a FP etalon in the laser cavity include easy, continuous tunabil-
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ity and solitonic sideband suppression, shown in Fig. 3.14. The reason the sidebands
should be suppressed is that in certain cases the spectral sidebands contribute to pulse
broadening [137], and naturally in some applications the sidebands would cause in-
accuracy to the system wavelength.
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Fig. 3.14: When a laser operates in the soliton regime, the cavity anomalous dispersion
leads to the formation of solitonic sidebands visible in (a). The FP etalon helps to filter
out these spectral impurities. The laser in the situation in (b) is the same as in (a) except
for the etalon placed in the cavity to enable tuning and additional dispersion.

3.6 Summary

Use of a Gires–Tournois interferometer dispersion compensator and a short length
of highly doped ytterbium fiber providing net anomalous group-velocity dispersion
allowed us to realize a compact fiber laser. By incorporation of a novel semiconductor
saturable absorber mirror based on a GaInNAs structure, self-starting 1.5-ps-pulse
mode-locked operation was obtained at 1023 nm with a repetition rate of 95 MHz. In
addition, this chapter presents a novel GTI configuration where a GTI is integrated to
a glass prism enabling wavelength tunability and improved dispersion characteristics.

This thesis also describes a dielectric thin film Fabry–Pérot etalon operated as a
dispersion compensator in a mode-locked fiber laser cavity. The etalon generates
anomalous dispersion near the low-loss spectral window and, consequently, the laser
mode-locked by the semiconductor saturable absorber favors operation in the anoma-
lous dispersion regime without a spectral filter. The etalon compensator is tunable,
compact, easy to align, and suitable for picosecond and subpicosecond pulsed opera-
tion.
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4. FIBER LASER DYNAMICS AND RELAXATION OSCILLATIONS

This chapter discusses fiber laser dynamics and provides insight into two gain ma-
terials, namely ytterbium (Yb) and thulium-holmium (Tm-Ho). We concentrate on
discussing material properties with respect to laser energy levels and laser relaxation
oscillations. The motivation for this comes from the laser tunability and starting
mechanisms. When we tune the operation wavelength, the laser behavior can be
changed if the type of energy level scheme alters. Also the start-up of mode lock-
ing can occur through low frequency instability and Q-switching, which can cause
optical damage to the most fragile components in the system. These components
include pump diodes and thin film structures like semiconductor saturable absorbers
and evaporated thin films coatings. In addition to this, we also obtain valuable infor-
mation about the laser material, such as its transition cross section.

4.1 Dynamics

Rare-earth-doped fibers exploiting the three- and four-level transitions in Er3+, Nd3+,
Pr3+, Yb3+ and Tm3+ are now commonly used in a number of applications, includ-
ing fiber lasers and optical amplifiers. For these sources, especially those operated
in the mode-locked or Q-switched regime, it is important to know the process that
governs the transient emission buildup, including the population inversion dynamics,
the effect of spontaneous emission and the nature of the laser transition.

Previously it has been shown that in glasses doped with erbium or neodymium, the
mechanism of laser transition changes over the gain bandwidth [172–174]. This fea-
ture could influence the oscillation dynamics of the laser, which in turn may strongly
affect the characteristics of pulsed operation. The laser stability, especially near the
threshold, is also susceptible to chaotic behavior [175].

Mode-locked fiber laser dynamics is largely controlled by the saturable absorber
used, as discussed in section 3.2.1. Their tunability properties typically govern the
mode-locked laser tuning, since their properties can change rapidly when moving
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away from the targeted central wavelength, and thus one needs several different ab-
sorbers to cover a broad tuning range [P1]. However, in some cases the absorber
can have almost a hundred nanometer tuning range with little change in the pulse
properties [176].

4.2 Relaxation oscillations

When a laser is turned on, the laser experiences spiking behavior. This is due to the
fact that once the number of photons exceeds the steady-state level, the laser starts
to burn up the exited states at a much faster rate than the pump can supply them.
This appears as a spike in the output but the cavity photons are quickly depleted.
The process is a consequence of the stimulated emission short life time compared
to the pump process performance. However, the net gain recovers periodically and
the cycle is repeated [177]. Once the large-amplitude initial spiking behavior in a
laser oscillator has damped down to small-amplitude fluctuations about the steady-
state level, we can see nearly sinusoidal oscillations called relaxation oscillations. An
example of these is presented in Fig. 4.1.
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Fig. 4.1: Example of relaxation oscillation in a thulium-holmium fiber laser. The first
five peaks on the left represent typical spiky laser behavior and the oscillations in the
middle and on the right are typical relaxation oscillations.

The laser relaxation oscillation was shown to contain the information about the tran-
sition levels, in particular, from the wavelength dependence of the characteristic fre-
quency, frelax. General laser theory discloses that ω2

relax varies linearly with (r− 1),
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where r is a pumping rate normalized to the threshold value [173] and r = P
Pth

, where
P is the pump power and Pth is the pump power at laser threshold. The slope of this
dependence varies with wavelength for the three-level transition and is essentially
wavelength-insensitive for four-level laser systems. The origin of the wavelength de-
pendence of ω2

relax for three-level systems comes from the rate equations taking into
account the thermal population of the levels [172]:

ω
2
relax =

1
τcτs

(
1+ cτc ση f l N

)
(r−1) , (4.1)

where N is the total number of active ions per gain volume, c is the speed of light, σ

is the laser transition cross section,

η =
l

L+ l(n−1)
, (4.2)

where L is the total cavity length and l the length of the gain medium, n is the refrac-
tive index, f l is the fractional thermal occupation of the lower laser level and τc and
τs are the cavity and laser transition lifetimes.

We can see from eq. (4.1) that the wavelength-dependent term in parentheses dis-
appears if the population of the terminal level can be neglected, i.e. f l = 0. An
important consequence of this feature is that the relaxation oscillation frequency de-
pends on the absorption at the signal wavelength as a result of the thermal population
of the ground level, i.e. when f l 6= 0. The relaxation oscillation wavelength depen-
dence offers a method to distinguish between three- and four-level transitions. This
knowledge can then be used in spectroscopic studies and in determining parameters
like the laser transition cross-section [178, 179]. The preferable laser gain material
is based on four-level system [180] because three-level introduces various additional
constraints. For example, reabsorption in the gain fiber is higher for the three-level
system than for four-level systems. The lower laser level has no appreciable popula-
tion during laser operation for four-level gain media. In that way, reabsorption of the
laser radiation is avoided if there is no absorption on other transitions at the lasing
wavelength. This also means that there is no absorption in the gain medium in the
unpumped state, and the gain should rise linearly with the absorbed pump power. In
addition, the laser threshold is generally expected to be lower in four-level material
than for a three-level system.
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4.3 Ytterbium

First we studied the relaxation oscillations in an ytterbium fiber laser at room tem-
perature in a wide spectral range [P3]. The measurements were performed with the
setup shown in Fig. 4.2. A linear cavity containing a section of Yb3+-doped fiber
as the gain medium was pumped through a wavelength division multiplexer (WDM).
The 980-nm pump diode was isolated from laser cavity backreflections by placing
two additional WDMs in series to protect the diode and increase the system stability.
A diffraction grating serving as a cavity mirror was placed in a Littrow configuration
to provide wavelength tunability. The laser output was taken from a fiber loop mirror
at the opposite end of the cavity. In addition, a 1-kHz chopper was placed in the free
space section of the cavity to observe the transient evolution of the laser emission
towards its stationary state.

Yb-fiber15 % 
output

WDM1

Pump
WDM3

WDM2
Polarization 

controller

Loop mirror

Grating

Chopper

Fig. 4.2: The experimental setup for measuring ytterbium fiber relaxation oscillations.

The relaxation oscillation frequency can be measured in two different ways. The
first method is to observe the oscillations with a digital oscilloscope that is triggered
from the chopper. The data is then entered into a program that picks up the peaks
from the small-signal oscillations and calculates the corresponding frequency. The
second method is to look at the output signal radio frequency (RF) spectrum using an
electrical spectrum analyzer (ESA). The relaxation oscillation frequency appears as
a wide maximum in the range of tens or hundreds of kHz and can easily be identified
as it increases with increasing pump power. However, one should not mistake the
relaxation oscillation frequency with its higher order harmonics or the chopper fre-
quency. A mistake would be most likely near the threshold level, as here they are on
the same order of magnitude. Both methods give essentially the same results within
the precision of these measurements. Error in these measurements is caused mainly
by temperature changes in the system and slight changes in the laser cavity alignment
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while tuning the wavelength. Another possible source of error is associated with de-
termining the laser threshold which is done by plotting the laser output power versus
pump power and extracting the threshold from the linear fit to data. Laser threshold
can also be distinguished from the oscilloscope screen, as the first laser spikes appear
around threshold pump power.

As we know from eq. (4.1), the square of relaxation oscillation frequency is propor-
tional to the normalized pump power. We therefore performed a set of measurements
of f 2

relax versus pump power to determine the slope ω2
relax/(r−1) for each wavelength,

as shown in Fig. 4.3. We found out that the slope depends on the wavelength below
1060 nm, as shown in Fig. 4.4, indicating three-level operation. Whereas at longer
wavelengths of the ytterbium fiber gain spectrum the laser transitions becomes closer
to four-level. This tendency is of course expected, because three-level behavior is in-
evitable for gain media with a very small quantum defect. In 980-nm pumped Yb, the
energy spacing between the lower laser level and the ground state is naturally small,
so the thermal population of the lower laser level could be significant. In conclusion,
in [P3] we identified four-level behavior at longer wavelengths and that a change in
dynamics to a three-level mechanism occurs below 1060 nm wavelength.
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Fig. 4.3: The ytterbium relaxation oscillation frequencies squared in the 1030–1105 nm
range as a function of normalized pump power.
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Fig. 4.4: Characteristic ytterbium relaxation oscillation frequency slope, ω2
relax/(r−1),

in 1030–1105 nm wavelength range and the gain fiber attenuation. A notable change in
dynamic behavior is observed around 1060 nm.

4.4 Thulium-holmium

Another material studied during this work is thulium, usually co-doped with holmium.
The results of Tm-Ho relaxation oscillations are presented in paper [P5]. Our results
were later confirmed in [181] without holmium co-doping but the main tendency re-
mains the same. Measurements were performed in a similar way as for ytterbium
although we used optical components at the 2 µm wavelength region. The experi-
mental setup is shown in Fig. 4.5. The main difference was related to the pumping,
which was much more powerful than that used in the ytterbium experiments.

Tm-Ho-fiber

APC

WDM 1564 nm
pump

Polarization 
controller

Loop mirror, 40 % output

Grating

Chopper

Fig. 4.5: The thulium-holmium relaxation oscillation measurement setup.

The high pump power, up to 6 W at 1564 nm, used here enabled us to perform mea-
surements in a broad range of 1860–2020 nm. The relaxation oscillation curves at
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different wavelengths as a function of normalized pump power are shown in Fig. 4.6.
However, we believe that more pump power and less losses with improved fiber qual-
ity would have enabled us to examine the long-wavelength tail of the gain material in
more detail, giving us a better understanding of the gain medium.
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Fig. 4.6: The thulium-holmium relaxation oscillation frequencies squared in the 1860–
2020 nm range as a function of normalized pump power.

Fig. 4.7 summarizes the results in the form of the relaxation oscillation frequency
squared versus normalized pump power. The figure reveals that the Tm-Ho fiber laser
operates as a three-level system at shorter wavelengths (λ < 1960 nm) and the slopes
become fairly wavelength insensitive at longer wavelengths, suggesting that the laser
operates as a four-level scheme. However, since the measurement range was limited
to 2020 nm, we could not verify if the three-level nature would appear due to Ho-
related transitions, but even then for further increases, perhaps in the region 2050–
2100 nm, we expect that the four-level transition of Ho will dominate. Moreover,
looking at recent measurements with thulium [181] using up to 17.5 W of absorbed
pump power, we can argue that part of our long-wavelength tail is still in a quasi-
three-level region, and it is obvious that the dynamics of thulium-holmium are fairly
complicated. The situation could be further clarified by a systematic study of Ho-co-
doped Tm-fibers with different Ho-concentrations, and having larger pump powers at
our disposal would broaden our measurement range.
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Fig. 4.7: Characteristic thulium-holmium relaxation oscillation frequency slope,
ω2

relax/(r−1), in 1860–2020 nm wavelength range.

4.5 Summary

In this chapter the relaxation dynamics of ytterbium and thulium-holmium gain ma-
terials were studied. It was observed that in both materials a dramatic change in laser
dynamics occurs in the middle of the gain bandwidth. Both materials shift from three-
level to four-level operation in the long-wavelength tail of the laser tuning range.
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In this chapter we discuss a novel method to shorten the length of an all-fiber laser
cavity by moving the pump coupler outside the cavity and pumping the laser through
a thin film dichroic output coupler. This output coupler is a mirror consisting of
approximately 20–30 thin layers deposited on the fiber end. The dichroic structure
acts as a laser output coupler and a wavelength division multiplexer. The short-length
cavity enables a larger fundamental repetition rate, yet maintains the quality and short
duration of the pulse. The laser is highly compact and free of bulk elements.

5.1 Why high repetition rate?

High repetition rate lasers are routinely used in telecom applications, where pulse
width is typically on the order of tens to hundreds of ps. However, there are a number
of other applications where high repetition rate is beneficial but the pulses need to be
shorter, and the required wavelength is outside the range where fast telecom lasers
are available.

Fiber lasers do not usually have a high repetition rate; typically it is on the order of
tens of MHz. Shortening the laser cavity makes the laser more compact and increases
the fundamental repetition rate, which is given by

f =
c

2 n L
, (5.1)

where c is the speed of light, n the effective refractive index of the cavity, in this
case the fiber, and L the cavity length. The higher repetition rate enables new, inter-
esting technological solutions in different applications. These include measurement
systems that monitor fast moving processes, e.g. chemical reactions, which require a
high repetition rate and simultaneously short pulses. J. Hult et al. [182] for instance,
needed to build a four Nd:YAG laser cluster to reach a repetition rate of just 100 MHz
and their system repetition rate was still inadequate: ”Three-dimensional imaging of
OH radicals is another goal, which can be reached only when high-repetition-rate



64 5. High repetition rate short pulse fiber lasers

pumping of the dye laser becomes possible.”

High repetition rates are particularly important in, for example, generating quasi-cw
UV light for illumination within semiconductor inspection. The use of short pulses
is important in order to generate simple and efficient frequency conversion and at
the same time the repetition rate needs to exceed about 400–500 MHz to give the
appearance of cw-light. However, when powers in the UV approach the level of
several Watts, it is important to have low pulse energy to avoid the potential for
ablation of the material under inspection. With conventional diode pumped solid-
state lasers, it is difficult to attain high repetition rates, but this can be enabled by
fibre lasers such as the one described within this thesis.

There are also other applications where a high fundamental repetition rate is prefer-
able. Applications at 1 µm include micromachining, where high repetition rates en-
able a high speed of material processing, e.g. the drilling process. High repetition
rates and, therefore, high average powers in two-photon microscopy enable a strong
signal and a good signal to noise ratio. This is why high repetition rate, short pulse
lasers are key elements in nonlinear bioimaging techniques such as two-photon fluo-
rescence excitation (TPE) microscopy. Typically, however, only a fraction of the laser
power available can be delivered to the sample before photoinduced damage becomes
excessive [183]. High repetition rate is also important to reduce photobleaching.

Harmonic mode locking, in contrast to high-fundamental repetition rate mode lock-
ing, requires electronic control of the repetition rate and additional elements such
as amplitude modulators, which makes the setup more complex and more expensive.
This is why we expect that dichroic fiber coatings will simplify a number of laser sys-
tems and that the increased repetition rate would be useful in a number of different
applications.

5.2 Dichroic fiber end facet coatings

In contrast to the situation which existed a few years ago, coated fiber ends are now
commercially available and simple anti-reflection coated fibers are already sold from
stock. More complicated customized coatings are still rare, but demand for them
is constantly growing. In [P6] we present a challenging dichroic mirror on a fiber
connector end with transmission and reflection regions close to each other, 980 and
1040 nm. Such a mirror naturally raises several problems to solve. First, the required
steep slope from high pump transmission to high reflectivity for the lasing wavelength
automatically necessitates multiple, maybe 20–40 or even more layers, which leads
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to adhesion problems. Second, it is not advisable to heat fiber connectors above a
certain temperature because of the fiber-to-ferrule thermal expansion mismatch and
possible fiber polymer coating damage. Third, not all materials have good adhesion
to the fiber end facet at low temperatures, and fourth, a too thick coating may not
necessarily work well in reflection for a single-mode fiber with a mode field diameter
∼6 µm, which is only twice the coating thickness. This means that we need to find a
proper balance between laser requirements and coating thickness, and to do so with
the materials that are available to us.

Most of the problems set by the targeted dichroic mirror are related to material prop-
erties to a greater or lesser degree. Therefore, we need to keep in mind that common
electron beam evaporation materials have the most favorable general properties for
thin film structure fabrication. Typical desired features in order of importance are

• no radioactivity,
• no toxicity,
• high or low refractive index,
• good adhesion,
• low absorption,
• low stress,
• homogeneity,
• good heat conductivity,
• suitable thermal expansion coefficient and
• low cost.

However, the order of importance can vary depending on the application. In the
end, we need to make a compromise between the parameters. For example, even
though TiO2 has a high refractive index and is widely used in the thin film industry,
it is prone to structural transformation, and multilayer coatings that consist of TiO2

have shown failures such as tensile fracture and delamination [184, 185]. Tantalum
pentoxide, Ta2O5, on the other hand, is susceptible to developing coating defects
such as nodules [186] when it is deposited under higher oxygen partial pressure and
substrate temperatures [187, 188]. In this research we found zirconium oxide, or zir-
conia, ZrO2, to be the best material for our purposes even though it has a tendency to
form inhomogeneous optical layers. This problem stems from the very high tempera-
ture required for evaporation and the tendency for multiple crystal phases to develop
within the different temperature gradients in the e-beamed area [189]. However, by
sacrificing some layer homogeneity we gain better adhesion to the optical fiber and
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to the low index material, SiO2. MgF2 would also have been a possible low index
material but we avoid it due to its known high tensile stress. Fluorides in general tend
to be in tensile stress, a fact that limits the thickness to which MgF2 layers can be
deposited [98].

In [P6] we deposited dielectric thin films onto a single-mode fiber end, typically
assembled with a FC/PC-connector. After testing different materials and temperature
regimes to achieve good adhesion to an optical fiber end facet, we found that high
temperature (150 ◦C and above) has a detrimental effect on the coatings and leads to
poor adhesion and structural defects due to thermal stress. As a high index material,
TiO2 proved to have a weaker adhesion to fiber compared to ZrO2. However, ZrO2

tablets have a tendency to shoot out fragments of material during the evaporation
unless they are heated carefully and a spiral electron beam shape is used. The best
results were achieved when the sample was heated to 90 ◦C with ZrO2 as a high index
material (n=1.88 at 1 µm, evaporation rate 0.1–0.2 nm/s, 1.3 ·10−4 mbar pressure) and
SiO2 as a low index material (n=1.44 at 1 µm, evaporation rate 0.35 nm/s, pressure
around 5 · 10−5 mbar). Oxygen was added to sustain the pressure. An example of a
successful coating is shown in Fig. 5.1.

Fig. 5.1: A successful coating with a smooth surface.

Since the exact refractive index and actual evaporation rate depend on various factors
such as chamber gas partial pressures, evaporation rate, substrate temperature and
evaporation beam shape, careful calibration is needed and the mirror design should
be tolerant to small perturbations in the evaporation process. It should be noted here
that the dichroic mirror which was targeted for the current application should satisfy
quite challenging requirements – a high throughput at the pump wavelength λp, and a
given reflectivity at the signal wavelength λs which determines the output coupling of
the laser cavity. An ideal spectral profile for this purpose would be a step-like shape.
In practice, however, the mirror quality is largely determined by the spectral slope
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dR/dλ in the range between λp and λs, as shown in Fig. 5.2.
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Fig. 5.2: Reflectivity spectra of a typical dichroic coating on fiber connector. The design
shown had 21 layers of ZrO2 and SiO2. The variation in the spectral response may
originate from the small air gap between the coated fiber and the matched fiber end. The
coating thickness (3 µm) is relatively large compared to the 6 µm mode field diameter,
resulting in small leakage of light to the fiber cladding.

However, it is increasingly difficult to design structures with higher slopes when the
number of layers is limited. We solved this problem by a common mathematical
optimization process: first we defined the criteria for the thin film reflectivities and
transmissions at the pump and signal wavelength regions, and second, we started the
optimization from multiple different randomized structures, keeping the total amount
of layers constant. This process was then repeated iteratively by adjusting the number
of layers, target weights and wavelength ranges to maximize the slope while keeping
a reasonable margin for error in deposition and avoiding too thick a layer structure.
After designing these layer structures, they were deposited on fiber ends and charac-
terized for reflectivity, transmission, film quality and durability and tested in a fiber
laser. Once feedback had been obtained from the measurements and performance
of the mode-locked laser, the coating design was improved with multiple iterations
until the fiber laser worked properly with a high repetition rate. Our dichroic layer
structure provided low reflectivity at the pump wavelength (Rp < 0.5 % at 980 nm)
and reflectivity of Rs > 40 % at 1040 nm to ensure acceptable output coupling. The
results are presented in Fig. 5.2. The evaporation process was found to be well con-
trolled and allowed for repeatable results. Since thicker structures would not improve
the overall performance, the number of layers was limited to 21–27.
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5.3 Compact fiber laser with photonic crystal fiber

Publication [P6] demonstrates a short cavity, high repetition rate laser with ultra-
short pulses using dichroic fiber end coatings described in the previous section. The
dichroic coating is essential here for shortening the cavity. In contrast to high rep-
etition rate erbium [190] or erbium-ytterbium [191] lasers, we also need to man-
age the cavity dispersion at 1.04 µm. In our laser we chose to use solid-core pho-
tonic bandgap fiber (SC-PBGF) for dispersion compensation. PBGF’s dispersion
and transmission characteristics are presented in Fig. 5.3. We also considered other
all-fiber dispersion compensation methods, such as CFBGs, but they would have re-
sulted in a major overcompensation due to their large anomalous dispersion [192].
The experimental setup is shown in Fig. 5.4. The passive mode locking was self-
started using a SESAM whose details are described in [193].
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Fig. 5.3: Solid-core photonic bandgap fiber transmission (black) and group delay dis-
persion per unit length (red).

The cavity shortening down to 18 cm of fiber was achieved by placing the fiber
coupler outside the cavity, resulting in a repetition rate of 571 MHz. We believe
that further increase in the repetition rate would be possible using Yb-doped PBG
fiber [194, 195]. The combination of doped dispersion managed fiber and dichroic
fiber end coating could result in an even shorter cavity, and therefore an over 1 GHz
repetition rate with ultrashort pulses seems viable. This would mean an approxi-
mately 10 cm long fiber cavity. A possible difficulty could be pumping efficiency
and polarization sensitivity of the doped PBG fiber.

In our laser the output pulse duration was measured to be 572 fs which is evident from
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Fig. 5.4: Fiber laser setup with a dichroic fiber end coating as a cavity end. The highly
doped ytterbium fiber was 8 cm and the PBG fiber 10 cm long. The fiber WDM separated
the up to 300 mW of 980-nm pump light and 1050-nm wavelength region for lasing.

the interferometric autocorrelation measurements presented in Fig. 5.5. The figure
also shows a nearly Gaussian spectrum that results in a time-bandwidth product by
factor of ∼ 2 over the transform limited time-bandwidth product. We believe that
the pulses become positively chirped in the output fiber pigtail external to the laser
cavity. The PBG fiber’s third order dispersion is also likely to contribute to the pulse
duration.
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Fig. 5.5: (a) Interferometric autocorrelation shows 572 fs pulse width. (b) Nearly
Gaussian pulse spectrum. Time-bandwidth product of 0.957 reveals that the pulses are
slightly chirped in the output pigtail and could be compressed externally.
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5.4 Summary

To summarize, we have built a short all-fiber laser cavity and achieved a 571-MHz
fundamental repetition rate, which is, to the best of our knowledge, the highest re-
ported value for a 1 µm ytterbium fiber laser with ultrashort pulses. The pulse width
of 572 fs is also a clear demonstration that our cavity dispersion is well balanced. It
is anticipated that the dichroic fiber end coatings developed in this thesis will lend
themselves to numerous future applications with high repetition rate fiber lasers, and
enable novel laser configurations.



6. CONCLUSIONS

This thesis aimed at finding new ways to handle ultrashort pulse fiber laser disper-
sion issues and studying their dynamical properties. The emphasis was on dielectric
thin films structures and their application to fiber laser cavities to improve system
performance. The main achievements of this thesis are as follows:

A systematic investigation of ytterbium- and thulium-holmium-doped fiber
laser relaxation oscillations revealed a dramatic change in laser dynamics in
the middle of the gain bandwidth. Both materials shift from three-level to
four-level operation in the long-wavelength tail of the laser tuning range.

Ytterbium fiber lasers were systematically studied in this thesis. A new dis-
persion compensation method for fiber lasers was successfully demonstrated.
In our experiments we showed that a dielectric Gires–Tournois interferometer
can compensate for Yb-fiber laser dispersion and enable 1.5-ps pulse duration.

This thesis reports optimized low finesse Fabry–Pérot etalons as dispersive el-
ements in a fiber laser cavity. We have demonstrated that a FP etalon can
provide anomalous dispersion for the fiber laser cavity and together with a
semiconductor saturable absorber give rise to ultrashort pulses. The additional
benefits of FP etalons in a fiber laser include convenient tuning over the whole
gain bandwidth and solitonic sideband suppression.

In order to accommodate the increasing demand for more compact fiber lasers,
we developed novel dichroic fiber end coatings. These coatings were deposited
with an electron beam evaporator directly onto fiber end facets. The dichroic
fiber end coating combined the properties of a laser output coupler and a pump
coupler which enabled us to place the fiber pump combiner outside the cavity.
The laser dispersion was managed with modern photonic crystal technology
resulting in a pulse duration of 572 fs. These efforts allowed us to realize a
compact all-fiber ytterbium fiber laser with a record high fundamental repeti-
tion rate of 571 MHz with ultrashort pulses.



72 6. Conclusions

In summary, we have studied mode-locked fiber lasers using optical thin film com-
ponents. A number of thin film structures were designed, manufactured and applied
in a new way to fiber lasers. The thesis demonstrates several cavities for which fiber
laser performance is improved through the use of thin films. The most important
contributions to the fiber laser field are the thorough study of different kinds of dis-
persive mirrors to compensate for fiber laser cavity dispersion and the investigation
of dichroic coatings on fiber end facets.
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Picosecond SESAM-Based Ytterbium
Mode-Locked Fiber Lasers

Luís A. Gomes, Lasse Orsila, Tomi Jouhti, and Oleg G. Okhotnikov

Abstract—Using semiconductor saturable absorber mirrors
and a grating-pair dispersion compensator, we obtain reliable
self-starting mode locking of a ytterbium (Yb) fiber laser tunable
over 125 nm. The 980–1105-nm tuning range is achieved by
optimization of nonlinear reflection and bandgap characteris-
tics of the multiple-quantum-well saturable absorber and by
proper engineering of the laser cavity. A short-length Yb-doped
double-clad amplifier seeded with mode-locked Yb-fiber laser
produces picosecond pulses with energy of 30 nJ (700 mW of
average power). A compact version of the fiber laser was built
using a Gires–Tournois compensator and short length (1-cm long)
of highly doped Yb fiber. Using a novel semiconductor saturable
absorver mirror based on GaInNAs structure, self-started 1.5-ps
pulse mode-locked operation was obtained at 1023 nm with a
repetition rate of 95 MHz. A mode-locked Yb-doped fiber laser
was also developed without using any dispersion compensation
technique. Overall group-velocity dispersion was minimized by
using highly doped Yb fiber in a compact amplifying loop cavity.
Self-started mode-locked operation was obtained in 980–1030-nm
wavelength range with a fundamental repetition rate of 140 MHz.
Without using dispersion compensation, the lasers produced
pulses in a range from 15 to 26 ps.

Index Terms—Mode-locked lasers, optical fiber lasers, semicon-
ductor devices, ytterbium (Yb).

I. INTRODUCTION

I N the past decades, diode pumped solid-state lasers have
dominated the area of tunable ultrashort-pulse light sources,

offering not only extremely short optical pulses comprising sev-
eral optical cycles [1], but also broadband tunability [2]–[6]. Re-
cent unprecedented growth of the telecom industry has resulted
in the development of mature fiber technology, reliable and cost
effective components that make suitably designed fiber lasers
real contenders to conventional solid-state lasers. The broad flu-
orescence spectra of different fiber-gain media are attractive for
tunable and ultrashort-pulse sources. Continuous wave (CW)
operation of an Nd : glass fiber laser was reported over a tuning
range of 900 to 945 nm and 1070 to 1135 nm [2] and, more re-
cently, over 50-nm full width at half maximum (FWHM) [3].
For Er-doped fiber lasers, tuning over 35 nm was achieved in
an actively mode-locked system [4] and over 50 nm in an ad-
ditive-pulse mode-locked fiber soliton laser [5]. For fiber lasers
doped with thulium, which exhibit a particularly wide fluores-
cence spectrum, a tuning range as wide as 100 nm was demon-
strated [6].
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Ytterbium (Yb)-doped silica fiber having a broad-gain
bandwidth, high optical conversion efficiency, and large
saturation fluence offers an almost ideal gain medium for the
generation and amplification of wavelength-tunable ultrashort
optical pulses around 1 m. An additional interesting feature
of Yb-doped fiber lasers is that under certain conditions those
lasers can operate at 977 nm. This makes them a promising
alternative to mode-locked Ti : sapphire lasers and as a master
source for frequency doubling to achieve 488 nm and thus
substitute bulky and inefficient Ar-ion lasers. Despite signif-
icant attention to the development of practical user-friendly
mode-locked sources operating in the region of 1 m, there
have been, so far, very few reports of successful demonstration
of passively mode-locked fiber lasers [7], and there have been
no reports on tunable fiber-based picosecond sources.

The main difficulty associated with short-pulse generation
within Yb-doped fibers results from the high value of normal
material dispersion for silica at wavelengths below 1.1 m. Pas-
sively mode-locked fiber lasers that operate in the normal group-
velocity dispersion (GVD) region of silica glass 1.3 m
may only be operated in the anomalous dispersion regime if dis-
persion compensators are introduced in the cavity [8], [9], since
it does not appear feasible to achieve overall anomalous disper-
sion of the fiber by exploiting the waveguide dispersion of or-
dinary single-mode fibers. Using photonic crystal fibers (PCF)
it is possible to obtain soliton pulse operation at shorter wave-
lengths [10]; however, the praticality of this technique is still to
be studied.

Usually, to offset the material dispersion, intracavity disper-
sion compensation is preformed by using prisms or grating pairs
within fiber laser systems. The negative dispersion generated
by a Gires–Tournois interferometer (GTI) or by chirped mir-
rors is sufficient only to balance the dispersion of the laser rod
of solid-state lasers. Nevertheless, because the GTI mirror is
based on a multiple-beam concept, higher dispersion can, in
principle, be generated with increasing the finesse of the in-
terferometer. In practice, however, the resonance sharpness of
GTI affects strongly the usable bandwidth of the compensator.
For this reason, in a typical fiber laser with a length of active
medium of 1 m or longer having large net normal dispersion
of the cavity, short-pulse operation still requires dispersion com-
pensators such as a grating pair [9]. Though bulk components
add to the complexity and maintenance, they require alignment
and increase the physical size of the system.

The advantage of the anomalous dispersion regime achieved
by using dispersion compensators is that shorter pulses could
be obtained due to pulse shaping assisted by soliton effects.
Although soliton pulse shaping is a convenient method of
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short-pulse generation from fiber lasers, soliton effects limit
pulse duration and energy, resulting in multiple pulse operation
for increased pump power [11]. Alternatively, the so-called
stretched-pulse technique was introduced for erbium-doped
systems, which minimizes soliton shaping. The principle of
stretched-pulse mode locking uses cavity segments of large pos-
itive and large negative dispersion to introduce large changes of
pulse width in the laser cavity and minimize nonlinear effects
[12], [13]. Because silica fiber at 1 m has a high value of
normal dispersion, neodymium and Yb laser systems can be
conveniently operated in the stretched-pulse regime [14], [15].
However, with large net normal dispersion, mode locking is
difficult to initiate and operation suffers from instability. For
this reason, typical stretched-pulse lasers operate with small
net normal group-velocity dispersion exploiting an appropriate
compensation technique [14]–[16].

To cope with the difficulty in obtaining self-starting mode
locking within a laser with a Fabry–Pérot geometry, semicon-
ductor saturable-absorber mirrors (SESAMs) have been conve-
niently used to ensure the self-starting character of the mode
locking [17].

In this paper, we studied experimentally mode-locked
Yb-doped fiber lasers with different geometries. The paper is
organized as follows. In Section II, we present a picosecond
mode-locked Yb fiber laser tunable over 125 nm from 980
to 1105 nm delivering pulses of 1–2-ps duration. The fiber
laser is pumped by a single fiber-coupled diode laser op-
erating at 915 nm and provides over 30 mW of average
power in mode-locked regime across the entire tuning range. A
mode-locked Yb-fiber laser using an intracavity Gires–Tournois
interferometer that generates anomalous GVD is presented in
Section III. The short-length highly doped Yb fiber provided
a low value of net normal GVD that is compensated by a GTI
mirror with a comparable amount of anomalous dispersion,
while preserving an optical bandwidth sufficient for supporting
picosecond pulses. In Section IV, we describe a compact
dispersion compensator-free mode-locked Yb-fiber laser. The
few-centimeter-long highly doped Yb-fiber and short segment
of single-mode fiber are contained in the cavity providing a low
value of net normal GVD.

II. WIDELY TUNABLE SHORT-PULSE YB FIBER LASER

A schematic configuration of the tunable laser is shown in
Fig. 1. The cavity contains a grating pair for intracavity dis-
persion compensation, a piece of Yb -doped fiber with angle-
cleaved end to suppress intracavity reflections, a wavelength-
division multiplexer, and a loop mirror.

The large normal group-velocity dispersion introduced into
the cavity by the fiber 0.16 ps is offset by the anomalous
dispersion of the grating pair, resulting in net anomalous disper-
sion. A 35-, 50-, or 180-cm-long Yb-doped silica fiber (

, cutoff wavelength 920 nm) is pumped by a pigtailed
single-mode laser diode operating at 915 nm. The unsaturated
fiber absorption at 915 nm was 140 dB/m. The signal/pump
wavelength-selective coupler and the loop mirror were made
of fiber with a cutoff wavelength of 910 nm. Depending on
the operating spectral range, the fiber was pumped through a

Fig. 1. Cavity configuration for a widely tunable Yb fiber laser.

915/990-, a 915/1050-, or a 915/1070-nm fiber multiplexer with
a maximum launched pump power of 130 mW. The cavity was
terminated by the 55% reflectivity loop-mirror from one end and
by the SESAM structure from the other. Wavelength tunability
was achieved by slight shifting of the objective in front of the
SESAM in the transverse direction or by slight tilting of one of
the gratings. Placing the objective on a micropositioner allowed
us to perform tuning in a stable and repeatable way without
need for realignment of the laser cavity. Gold-coated 1600- or
1200-line/mm diffraction grating pairs were used for dispersion
compensation.

In order to achieve a broad tuning range, particular attention
was paid to the design of the multiple-quantum-well saturable
absorber mirror. Although the bandwidth (or stop band) of the
distributed Bragg reflectors (DBRs) based on AlGaAs–GaAs
composition are usually larger than 100 nm, the expected tuning
range for a Yb-doped fiber laser could be as broad as 970–1150.
Therefore, in order to avoid possible limitations arising from
DBR bandwidth, two DBR mirrors with shifted central wave-
lengths were used in the SESAM samples covering the extended
tuning range of the Yb-doped fiber laser. The central wavelength
of one DBR mirror was centered around 1055 nm, whereas the
other DBR had a center wavelength of the reflection bandwidth
around 1000 nm.

The two SESAM samples were grown by all-solid-source
molecular beam epitaxy. The first sample consists of a bottom
mirror comprising 25 pairs of AlAs and GaAs quarterwave
layers forming a DBR with a center wavelength of 1055 nm.
The absorber was a double 8-nm-thick InGaAs quantum well
structure placed into a cavity. These layers were implanted
with doses of 10 cm of 10 MeV Ni ions to decrease the
SESAM recovery time to below 10 ps [18]. Another broadband
SESAM structure operating in the 940–1050-nm wavelength
range is based on GaInNAs material known as a dilute nitride
system. It was monolithically grown on an n-type GaAs (001)
substrate similar to the long-wavelength SESAM described
in [19]. An antiresonant Fabry–Pérot structure of SESAMs is
formed by the uncoated front surface and the highly reflecting
AlAs–GaAs mirror stack [11]. An important feature of this
GaInNAs-based SESAM is the high contrast in nonlinear
reflectivity variation. The nonlinear reflectivity of the GaInNAs
SESAM is shown in Fig. 2. The SESAM has a saturation
fluence of 3 J cm and a modulation depth of 12%.

It is well known that the dilute nitride material, when used
for light-emitting devices, requires a rapid thermal annealing
(RTA) treatment to enhance the photoluminescence efficiency
[20], [21]. This indicates that as-grown dilute nitride has a high
level of crystal defects (imperfections). This property of dilute
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Fig. 2. Nonlinear reflectivity of the GaInNAs-based SESAM.

nitride can be exploited, in particular, in SESAM based devices,
since neither ion implementation nor low temperature growth
are needed to decrease the recovery time.

The laser threshold for CW operation was about 20 mW.
When the doped fiber length was short enough 35 cm to en-
sure at least 50% population inversion along all fiber, the laser
was operating at 980 nm without any wavelength selective el-
ements. Pumpthrough power in this case was around 10 mW
for 100 mW of launched pump power. When the doped fiber
length was increased to 50 cm, so that 980-nm radiation was
reabsorbed inside the fiber, the central lasing wavelength was
shifted toward 1040 nm. With further increase in the fiber length
up to 180 cm, the central lasing wavelength shifts gradually to-
ward 1080 nm.

Without focusing optics and, therefore, with a collimated
beam hitting the absorber mirror, CW operation was observed
due to low nonlinearity of the SESAM response for low fluence.
With a focusing objective in place, the mode-locked operation
could be initiated without sign of Q-switching instability, thus
preventing optical damage of the absorber mirror. Mode-locked
operation was obtained for pump power above 40 mW, and it
was self-starting over the whole tuning range for pump powers
above 50 mW. By shifting the objective, we were able to
continuously tune the mode-locked laser from 980 to 1020 nm
(with a 915/990 WDM coupler and 35 cm of Yb fiber), from
1020 to 1070 nm (with a 915/1050 WDM coupler and 50 cm of
Yb fiber), and from 1070 to 1105 nm (with a 915/1070 WDM
coupler and 180 cm of Yb-doped fiber), as shown in Fig. 3.
For the 980–1020-nm tuning range, we used a GaInNAs-based
absorber; for the two other wavelength ranges we used the
InGaAs absorber descrived previously. It should be noted
that the use of three different pump launching elements was
dictated by the spectral properties of fused biconical WDM
couplers. Replacement of those with a combiner based on
micro-optical technology will allow covering all the spectral
range without the need for different intracavity elements.
Another wavelength selective element, the SESAM, can also
be adjusted for operation in a wide spectral range. Therefore,
using optimized components it could be feasible to achieve
continuous tuning over the entire spectral gain bandwidth in a
compact laser configuration.

Fig. 3. Output spectra from the laser as a function of wavelength. Tuning over
980–1020-, 1020–1070-, and 1070–1105-nm bands was obtained with different
pump/signal multiplexers, different lengths of Yb-doped fiber, and SESAMs, as
shown in the text. Spectra shifted vertically for clarity.

Fig. 4. (a) Autocorrelation trace and (b) optical spectrum of the Gaussian pulse
when the distance between gratings is 2.9 cm. Dotted curve shows a Gaussian fit.

Since the pulse duration and shape in a stretched-pulse laser
depend on the position inside the laser cavity, we have also mea-
sured the pulse width at a location closer to the grating pair
compressor by adding an optional 7% output coupler near the
WDM pump coupler. For 1600-lines/mm gratings with a sep-
aration of 2.9 cm, pulsewidths varied between 1.6 and 2 ps.
Fig. 4 illustrates the autocorrelation and corresponding spec-
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Fig. 5. Obtained pulse widths as a function of wavelength for different grating
configurations.

Fig. 6. Measured pulsewidth after external compression with 600-line/mm
grating pair. Inset shows the autocorrelation of the shortest compressed pulse.

trum for the mode-locked pulse train at 987 nm, with a repe-
tition rate of 33 MHz. It should be noted the excellent stability
of the 1.6-ps pedestal-free pulses. The measured autocorrelation
traces were best fitted, assuming a Gaussian temporal intensity
profile with a time-bandwidth product equal to 0.47, which indi-
cates nearly bandwidth-limited pulses with Gaussian temporal
and spectral profiles. The pulse spectrum shows soliton side-
bands confirming that the laser operates in the net anomalous
dispersion regime.

The measurements plotted in Fig. 5 show the change in pulse
duration versus the wavelength for different grating pair con-
figurations. The average values of the cavity dispersion near
1 m estimated from spectral sidebands in the pulse spectra
were 1.75 ps and 0.71 ps for a compensator based on a
1600-lines/mm grating pair with separations of 6.5 and 2.9 cm,
respectively. With a compensator using 1200-lines/mm gratings
separated by 2.9 cm, the shortest pulse duration was 1 ps and
had a time-bandwidth product of 1.52. Corresponding cavity
dispersion was estimated to be 0.05 ps .

We then removed the output coupler and measured the output
from the loop mirror, as shown in Fig. 1, where the pulses have

Fig. 7. (a) Output power from our mode-locked Yb laser and (b) average
output power from the Yb amplifier for 15 mW of input power.

a strong chirp [7], and the time-bandwidth product usually ex-
ceeds the time-bandwidth product for transform-limited pulses
by a factor of 3–4. To prove that the chirp is near linear, we have
used an external dispersive delay line composed of 600-line/mm
gratings. Fig. 6 plots the pulsewidth when the net dispersion
was varied by changing the grating separation. The results con-
firm that the pulses are essentially linearly chirped. The shortest
pulse thus obtained was only 340 fs long, with a time-bandwidth
product of 0.57, as can be seen on the inset of Fig. 6.

Polarization dependence of the grating reflectivity results in
the necessity to adjust the polarization state in order to opti-
mize the mode-locked operation. Although the mode-locking
could be started at virtually any position of the polarization
controllers, most stable operation with the shortest pulses was
achieved at only one orientation of the polarization controllers.
This fact suggests that nonlinear polarization has probably
played some role in pulse formation; this phenomenon requires,
however, further investigation.

Average output power up to 30 mW was obtained, as
shown in Fig. 7(a). Adding an isolator to the output of the
laser reduced the maximum output power down to 15 mW
but allowed us to use this laser in a master-oscillator power
amplifier setup. In order to increase pulse peak power and
energy we have employed a cladding pumped fiber amplifier
supplied by New Optics, Ltd., U.K. To avoid temporal pulse
broadening due to dispersion and spectral enrichment due
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Fig. 8. Cavity configuration for a mode-locked Yb fiber laser using a GTI
compensator.

to self-phase modulation, we have used an all glass double
clad fiber with 50- m pump cladding. Due to relatively small
pump cladding, a 10-dB pump absorption was achieved with
a doped fiber length of just 50 cm and thus allows us to avoid
unwanted dispersive and nonlinear effects. The amplifier is
counterpropagatingly pumped by a high brightness pump
source delivering up to 4 W in a 50- m, 0.22 NA fiber. We have
achieved 700 mW of optical power throughout the entire gain
band without noticeable distortion of the amplified pulses [see
Fig. 7(b)] with output energies of 30 nJ.

III. MODE-LOCKED FIBER LASER USING A GIRES–TOURNOIS

INTERFEROMETER COMPENSATOR

Dispersion compensation based on a GTI was studied using
the laser setup shown in Fig. 8. The linear cavity is defined by
the SESAM and the GTI reflector. The broadband GaInNAs-
based SESAM structure described in Section II was used. The
total length of the fiber within the cavity was 74 cm including a
WDM and a 10% output coupler.

The highly doped Yb silica fiber (NA , cutoff wave-
length 910 nm) had an unsaturated fiber absorption at 977 nm
of 1900 dB/m. This Yb fiber was manufactured by Liekki Oy
using direct nanoparticle deposition technology (DND) [22].

The Gires–Tournois interferometer we used was made using
an electron beam evaporator. The GTI consists of bottom and top
DBRs with 10 and 4.5 pairs of SiO TiO , respectively, spaced
by a 0.7- m-thick layer of SiO . Calculated mirror reflectivi-
ties at 1023 nm are for the top DBR and
for the bottom DBR. The GTI structure resonance was posi-
tioned near nm, as seen from the reflectivity spec-
trum shown in Fig. 9. Although an ideal Gires–Tournois inter-
ferometer is expected to have a flat power reflectance spectrum,
there is a dip at resonance in the reflectance of the high-finesse
GTI due to reduced reflectivity of the bottom mirror. The corre-
sponding losses at the resonance would push the lasing spectrum
away from the anomalous GVD regime toward the GTI reflec-
tion maximum [23]. To lock the pulse spectrum to the region of
anomalous GVD, we have used a SESAM with a large change
in nonlinear reflectivity (up to 12%), as shown in Fig. 2. With
this absorber mirror, the decrease in cavity loss for short-pulse
operation is higher than the loss penalty due to the dip in the
GTI reflectivity at the lasing wavelength . As a result, the
mode-locked operation starts spontaneously at the wavelength
range with anomalous GVD and remains reliably trapped at this
region.

Fig. 9. Measured reflectivity of the Gires–Tournois structure. Reflectivity dip
at resonance is shown.

Fig. 10. Autocorrelation traces for pulsed operation with and without GTI.

The laser threshold for CW operation was about 15 mW.
When the Yb-doped fiber length was 2.5 cm, the central
lasing wavelength was within the range of 1020–1030 nm.
With shorter lengths of Yb fiber, the laser was operating at
980 nm. Self-started mode-locked operation at spectral range
around nm with anomalous GVD was obtained for
pump power above 40 mW with an output power up to 1 mW.
Fig. 10 illustrates autocorrelations traces for the laser operating
with a GTI reflector and with the GTI replaced by an ordinary
highly reflective mirror. The pulse durations were 1.5 and
15.6 ps, respectively, assuming a Gaussian pulse shape. Com-
parison of the autocorrelations shows that the GTI provides
significant compensation of the fiber dispersion. Implementing
the GTI resulted in a pulse shortening factor of the order of 10.
The fundamental cavity frequency was 95 MHz.

Fig. 11 shows the GTI reflectivity and the resultant GVD
around the resonance and pulse spectra with the GTI and with
a highly reflective mirror used instead of the GTI. The nega-
tive GVD generated by GTI is approximately 0.05 ps at the
laser wavelength. The total dispersion in the cavity, including a
double pass of the fiber segment and the GTI, were estimated to
be 0.01 0.005 ps . This estimation shows that the total cavity
dispersion corresponds to a small net anomalous group-velocity
dispersion. The uncertainty in the cavity dispersion relates to the
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Fig. 11. GTI reflectivity near the resonant wavelength with calculated (upper graph) group-velocity dispersion and (lower graph) pulse spectra with and without
dispersion compensation.

problem of estimating the dispersion of the highly doped Yb
fiber.

It is important to note that using a SESAM with high
contrast of nonlinear reflectivity, operation in the negative
GVD regime near nm was possible without any
wavelength-selective elements, despite the reflectivity dip
around the GTI resonant wavelength. Mode-locked operation
occurs at this wavelength spontaneously for sufficient pumping
power.

IV. SHORT LENGTH MODE-LOCKED FIBER LASER

To further minimize dispersion induced by the fiber and avoid
the need for any intracavity dispersion compensators, we built a
short-length fiber laser, using highly doped Yb fiber, as shown in
Fig. 12. The linear cavity is defined by the amplifying fiber loop
mirror and the semiconductor saturable absorber mirror. Due
to the short length of the fiber employed, the nonlinear effects
in an amplifying loop mirror were not observed, thus mode-
locked operation was initiated and stabilized exclusively by the
SESAM.

Placing the Yb fiber in the loop mirror allows us to keep the
signal/pump wavelength-selective coupler and the output cou-
pler external to the laser cavity, thus to reduce further the fiber
segment of the laser cavity. The fiber loop mirror was designed
to couple 20% of the power to the output. It should also be
mentioned that the fiber coupler forming the loop mirror acts as
nearly symmetrical splitter at the pump wavelength of 915 nm;
therefore, the Yb fiber was pumped from both ends providing
near uniform inversion. A GaInNAs broadband SESAM struc-
ture similar to the one described in Section II, operating in the
940–1050-nm wavelength range, was used.

Fig. 12. Amplifying-loop cavity configuration for a short-length Yb fiber
laser.

Fig. 13. Output spectra from the mode-locked laser in the 980–1030-nm
wavelength range, obtained with Yb fiber with lengths ranged from 2.1 to
4.1 cm.
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Fig. 14. Autocorrelation traces for pulsed operation with a length of Yb fiber
of 2.1 and 4.1 cm.

Fig. 15. Stable pulse train at the fundamental cavity frequency of 140 MHz.

The highly doped Yb fiber presented in Section III was used
as a gain medium. This fiber allowed us to keep the total length
of the fiber within the cavity to be below 12 cm.

The laser threshold for CW operation was about 15 mW. Self-
started mode-locked operation was obtained for pump power
above 40 mW with the output power up to 1 mW. When the
Yb-doped fiber length was short enough 2 cm , the laser
was operating at 980 nm. With the length of doped fiber in-
creased to 3–4 cm, the central lasing wavelength was shifted to-
wards 1020–1030 nm due to reabsorption of 980 nm emission,
as shown in Fig. 13. Fig. 14 illustrates autocorrelations traces
for the lengths of Yb fiber of 2.1 and 4.1 cm. It can be seen that
a longer Yb fiber, i.e., higher value of normal GVD, results in
stronger pulse stretching. It is important to note that the pulse
does not exhibit pedestal, though the autocorrelations cannot be
fitted neither with a nor a Gaussian profile. To compress
the output pulses by removal of the positive temporal chirp, an
anomalous dispersive delay line can be used [12], similar to the
dechirping experiments using an external grating pair assembly
described in Section II. The fundamental cavity frequency cor-

responds to the pulse repetition rate of 140 MHz, as seen from
the scope trace in Fig. 15.

It should also be noted that stability of the short-cavity mode-
locked lasers was further increased by using fiber butt coupling
of the SESAM instead of lens coupling. This was achieved by
applying a dielectric coating to the SESAM to reach an optimal
fluence on the absorber mirror.

V. CONCLUSION

We have demonstrated a Yb-fiber laser generating
mode-locked picosecond pulses over a wavelength range
from 980 to 1105 nm. Optimal matching of the reflection
characteristics and the band gap energy of a semiconductor
absorber, spectral characteristics of pump wavelength-division
multiplexer, and length of Yb fiber for a given pump power
permit broad tuning of the mode-locked fiber laser. The
pulsewidths achieved are 1–2 ps over the whole tuning range.
A further reduction in the pulsewidth was achieved by pulse
compression in an external dispersive delay line, resulting in
340-fs pulses.

To boost the average power, the pulses from tunable mode-
locked laser were amplified in a short-length single stage am-
plifier with double-clad fiber. The pulse energy of 30 nJ with an
average power of 700 mW obtained at the output of the ampli-
fier is not only the highest reported in picosecond fiber systems
but also sufficient enough for applications traditionally domi-
nated by femtosecond Ti : Sapphire lasers.

We have also demonstrated a mode-locked Yb-fiber laser that
is compact and easy to align. Overall anomalous group-velocity
dispersion was obtained by using a short length cavity with
2.5 cm of highly doped Yb fiber and a Gires–Tournois com-
pensator. Using a broadband semiconductor saturable absorber
mirror, based on the GaInNAs material system, with a large
change in nonlinear reflectivity, self-started 1.5-ps pulse mode-
locked operation was obtained at 1023 nm with a repetion rate
of 95 MHz. We have thus demonstrated that specially designed
high-reflectivity Gires–Tournois mirrors can be attractive can-
didates for controlling intracavity dispersion in fiber lasers.

Finally, we also demonstrated a Yb-fiber laser without
applying any dispersion compensation technique. Stable and
self-starting pulse operation was obtained in the 980–1030-nm
wavelength range with a repetition rate of 140 MHz. Overall,
normal group-velocity dispersion was minimized by using a
short length of highly doped Yb fiber in a compact amplifying
loop-mirror cavity.

ACKNOWLEDGMENT

The authors would like to thank their colleague
A. B. Grudinin from New Optics Ltd., U.K., for his help
with the Yb-fiber power amplifier. The authors would also like
to thank Liekki Oy, Finland, for providing Yb-doped fiber.

REFERENCES

[1] G. Steinmeyer, D. H. Sutter, L. Gallmann, N. Matuschek, and U. Keller,
“Frontiers in ultrashort-pulse generation: Pushing the limits in linear and
nonlinear optics,” Science, vol. 286, pp. 1507–1512, 1999.



136 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 10, NO. 1, JANUARY/FEBRUARY 2004

[2] I. P. Alcock, A. I. Fergunson, D. C. Hanna, and A. C. Tropper, “Tunable,
continuous-wave neodymium-doped monomode-fiber laser operating
at 0.900–0.945 and 1.070–1.135�m,” Opt. Lett., vol. 11, pp. 709–711,
1986.

[3] O. G. Okhotnikov and J. R. Salcedo, “Spectroscopy of the transient os-
cillations in a Nd -doped fiber laser for the four-level F – I

(1060 nm) and three-level F – I (900-nm) transitions,” Appl.
Phys. Lett., vol. 64, pp. 2619–2621, 1994.

[4] C. R. Ó. Cochláin, R. J. Mears, and G. Sherlock, “Low threshold tun-
able soliton source,” IEEE Photon. Technol. Lett., vol. 5, pp. 25–28, Jan.
1993.

[5] K. Tamura, E. P. Ippen, and H. A. Haus, “Optimization of filtering in
soliton fiber lasers,” IEEE Photon. Technol. Lett., vol. 6, pp. 1433–1435,
Dec. 1994.

[6] L. E. Nelson, E. P. Ippen, and H. A. Haus, “Broadly tunable sub-500
fs pulses from an additive-pulse mode-locked thulium-doped fiber ring
laser,” Appl. Phys. Lett., vol. 67, pp. 19–21, 1995.

[7] L. Lefort, J. H. V. Price, D. J. Richardson, G. J. Spühler, R. Paschotta,
U. Keller, A. R. Fry, and J. Weston, “Practical low-noise stretched-pulse
Yb -doped fiber laser,” Opt. Lett., vol. 27, pp. 291–293, 2002.

[8] M. E. Fermann, M. J. Andrejco, Y. Silberberg, and A. M. Weiner, “Gen-
eration of pulses shorter than 200 fs from a passively mode-locked Er
fiber laser,” Opt. Lett., vol. 18, pp. 48–50, 1993.

[9] H. Lim, F. Ö. Ilday, and F. W. Wise, “Generation of 2-nJ pulses from
a femtosecond ytterbium fiber laser,” Opt. Lett., vol. 28, pp. 660–662,
2003.

[10] H. Lim, F. O. Ilday, and F. W. Wise, “Femtosecond ytterbium fiber laser
with photonic crystal fiber for dispersion control,” Opt. Express, vol. 10,
pp. 1497–1502, 2002.

[11] L. E. Nelson, D. J. Jones, K. Tamura, H. A. Haus, and E. P. Ippen, “Ul-
trashort-pulse fiber ring lasers,” Appl. Phys. B., vol. 65, pp. 277–294,
1997.

[12] K. Tamura, E. P. Ippen, H. A. Haus, and L. E. Nelson, “77-fs pulse gener-
ation from a stretched-pulse mode-locked all-fiber ring laser,” Opt. Lett.,
vol. 18, pp. 1080–1082, 1993.

[13] K. Tamura, C. R. Doerr, L. E. Nelson, H. A. Haus, and E. P. Ippen,
“Technique for obtaining high-energy ultrashort-pulses from an addi-
tive-pulse mode-locked erbium-doped fiber ring laser,” Opt. Lett., vol.
19, pp. 46–48, 1994.

[14] V. Cautaerts, D. J. Richardson, R. Paschotta, and D. C. Hanna,
“Stretched pulse Yb silica fiber laser,” Opt. Lett., vol. 22, pp.
316–318, 1997.

[15] M. Hofer, M. E. Fermann, F. Haberl, and J. E. Townsend, “Active mode
locking of a neodymium-doped fiber laser using intracavity pulse com-
pression,” Opt. Lett., vol. 15, pp. 1467–1469, 1990.

[16] L. Lefort, J. H. V. Price, D. J. Richardson, G. J. Spühler, R. Paschotta,
U. Keller, A. R. Fry, and J. Weston, “Practical low-noise stretched-pulse
Yb -doped fiber laser,” Opt. Lett., vol. 27, pp. 291–293, 2002.

[17] F. X. Kärtner, J. Aus der Au, and U. Keller, “Mode-locking with slow and
fast saturable absorbers-what’s the difference?,” IEEE J. Select. Topics
Quantum Electron., vol. 4, pp. 159–168, 1998.

[18] E. L. Delpon, J. L. Oudar, N. Bouché, R. Raj, A. Shen, N. Stelmakh,
and J. M. Lourtioz, “Ultrafast excitonic saturable absorption in ion-im-
planted InGaAs/InAlAs multiple quantum wells,” App. Phys. Lett., vol.
72, pp. 759–561, 1998.

[19] O. G. Okhotnikov, T. Jouhti, J. Konttinen, S. Karirinne, and M. Pessa,
“1.5-�m monolithic GaInNA’s semiconductor saturable-absorber mode
locking of an erbium fiber laser,” Opt. Lett., vol. 28, pp. 364–366, 2003.

[20] W. Ha, V. Gambin, M. Wistey, S. Bank, K. Seongsin, and J. S. Harris
Jr., “Multiple-quantum-well GaInNAs–GaNAs ridge-waveguide laser
diodes operating out to 1.4 �m,” IEEE Photon. Technol. Lett., vol. 14,
pp. 591–593, May 2002.

[21] T. Jouhti, C. S. Peng, E.-M. Pavelescu, J. Konttinen, L. A. Gomes, O. G.
Okhotnikov, and M. Pessa, “Strain-compensated GaInNA’s structures
for 1.3-�m lasers,” IEEE J. Select. Topics Quantum Electron., vol. 8,
pp. 787–794, July/Aug. 2002.

[22] S. Tammela, P. Kiiveri, S. Sarkilathi, M. Hotoleanu, H. Valkonen, M.
Rajala, J. Kurki, and K. Janka, Proc. ECOC, 2002, paper 9.4.2.

[23] D. Korf, G. Zhang, R. Fluck, M. Moser, and U. Keller, “All-in-one
dispersion-compensating saturable absorber mirror for compact fem-
tosecond laser sources,” Opt. Lett., vol. 21, pp. 486–488, 1996.

Luís A. Gomes was born in Vale de Cambra,
Portugal, in 1976. He received the M.Sc. degree in
optoelectronics and lasers from the University of
Porto, Portugal, in 2001. He is now working toward
the Ph.D. degree in the field of optical fiber sources
at the same university.

Since 1999, he has been a Researcher in the
Optoelectronics and Electronic Systems Unit,
INESC, Porto. He is currently on leave, working
at the QRC, Tampere University of Technology,
Tampere, Finland.

Lasse Orsila was born in Tampere, Finland, in
1979. He received the M.Sc. degree from Tampere
University of Technology (TUT), Tampere, Finland,
in 2003. He is currently working toward the Ph.D.
degree at the Optoelectronics Research Centre, TUT.

His research interests include thin film mirrors and
their applications on fiber lasers.

Tomi Jouhti was born in Espoo, Finland, in 1972. He
received the M.Sc. degree from Helsinki University
of Technology, Helsinki, Finland, in 1999.

Before joining the Optoelectronics Research
Centre (ORC), Tampere, Finland, in 2001 he
worked for the Nokia Research Center, Helsinki,
Finland, where his research interests included
optical data communications. Now at ORC, his
research is focused on the crystal growth of novel
III–V-semiconductor heterostructures by molecular
beam epitaxy.

Oleg G. Okhotnikov received the Ph.D. degree in
laser physics from P.N. Lebedev Physical Institute
and the D.Sc. degree in laser physics from General
Physics Institute, Russian Academy of Sciences,
Moscow, in 1981 and 1992, respectively.

Since 1999, he has been a Full Professor at the Op-
toelectronics Research Centre (ORC), Tampere, Fin-
land. He has published over 100 journal papers and
holds six patents.



Appendix 2

Publication 2

L. Orsila, L. A. Gomes, N. Xiang, T. Jouhti, and O. G. Okhotnikov, ”Mode-locked
ytterbium fiber lasers,” Applied Optics, vol. 43, no. 9, pp. 1902–1906, 2004.

Copyright 2004 by Optical Society of America. Reproduced with permission.





M

L

1

I
d
s
p
b
g
s
a
m
t
o
a
C
o
c
l
m
p
s
p
r

g
a
g

p
p

2

1

ode-locked ytterbium fiber lasers
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A compact fiber laser is demonstrated with use of a Gires–Tournois compensator and a short length �2–4
cm-long� of highly doped ytterbium �Yb� fiber providing net anomalous group-velocity dispersion. With
use of a novel semiconductor saturable absorber mirror based on GaInNAs structure, self-started 1.5-
ps-pulse mode-locked operation was obtained at 1023 nm with a repetition rate of 95 MHz. A mode-
locked Yb-doped fiber laser was developed without the use of any dispersion compensation technique.
Overall group-velocity dispersion was minimized by using a short length of highly doped Yb fiber in a
compact amplifying loop cavity. Self-started mode-locked operation was obtained in 980–1030-nm
wavelength range with a fundamental repetition rate of 140 MHz. © 2004 Optical Society of America
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. Introduction

n past decades, diode-pumped solid-state lasers have
ominated the area of tunable ultrashort-pulse light
ources, offering not only extremely short optical
ulses comprising several optical cycles1 but also
roadband tunability. The recent, unprecedented
rowth of the telecommunications industry has re-
ulted in the development of mature fiber technology
nd reliable and cost-effective components, which
ake suitably designed fiber lasers better contenders

han conventional solid-state lasers. The broad flu-
rescence spectra make different fiber gain media
ttractive for tunable and ultrashort pulse sources.
w operation of a Nd:glass fiber laser was reported2

ver a tuning range of 30-nm FWHM and more re-
ently3 over 50-nm FWHM. For erbium-doped fiber
asers, tuning over 35 nm was achieved in an actively

ode-locked system4 and over 50 nm in an additive-
ulse mode-locked fiber soliton laser.5 For fiber la-
ers doped with thulium, which exhibits a
articularly wide fluorescence spectrum, a tuning
ange as wide as 100 nm was demonstrated.6

Ytterbium �Yb�-doped silica fiber having a broad-
ain bandwidth, high optical conversion efficiency,
nd large saturation fluence offers an almost ideal
ain medium for the generation and amplification of
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avelength-tunable ultrashort optical pulses around
�m. An additional interesting feature of Yb-doped
ber lasers is that under certain conditions those

asers can operate in the 977-nm spectral band.
his makes them a very attractive alternative to
ode-locked Ti:sapphire lasers and as a master

ource for frequency doubling to achieve 488 nm and
hus substitute bulky and inefficient argon-ion la-
ers. Despite significant attention to the develop-
ent of practical user-friendly mode-locked sources

perating in the region of 1 �m, there have been so
ar very few reports of successful demonstration of
assively mode-locked fiber lasers, and there have
een no reports on tunable fiber-based picosecond
ources.
The main difficulty associated with short-pulse

eneration within Yb-doped fibers results from the
igh value of normal material dispersion for silica at
avelengths below 1.1 �m. Passively mode-locked
ber lasers that operate in the normal group-velocity
ispersion �GVD� region of silica glass �� � 1.3 �m�
ay be operated only in the anomalous dispersion

egime if dispersion compensators are introduced in
he cavity,7,8 since it does not appear to be feasible to
chieve overall anomalous dispersion of the fiber by
xploiting the waveguide dispersion of ordinary
ingle-mode fibers. With use of photonic crystal fi-
ers it is possible to obtain soliton pulse operation at
horter wavelengths.9
Usually, when it is necessary to offset the material

ispersion, intracavity dispersion compensation can
e preformed by use of prisms or grating pairs within
ll-fiber laser systems. The negative dispersion
enerated by a Gires–Tournois interferometer �GTI�
r by chirped mirrors is sufficient for solid-state la-
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ers to balance the dispersion of the laser rod. Nev-
rtheless, because the GTI mirror is based on a
ultiple-beam concept, higher dispersion can, in

rinciple, be generated through an increasing of the
nesse of the interferometer. In practice, however,
he resonance sharpness of the GTI affects strongly
he usable bandwidth of the compensator. For this
eason, in a typical fiber laser with a length of active
edium of 1 m or longer and therefore a large net
ormal dispersion of the cavity, short pulse operation
till requires dispersion compensators such as a grat-
ng pair,8 although bulk components add to the com-
lexity and maintenance, require alignment, and
ncrease the physical size of the system.

The advantage of the anomalous dispersion regime
s that shorter pulses could be obtained when pulse
haping is assisted by soliton effects. Although soli-
on pulse shaping is a convenient method of short-
ulse generation from fiber lasers, the soliton effects
ventually limit pulse duration and energy.10 Alter-
atively, the so-called stretched-pulse technique was

ntroduced for erbium-doped systems, minimizing soli-
on shaping. The principle of stretched-pulse mode
ocking uses cavity segments of large positive and large
egative dispersion to introduce large changes of pulse
idth in the laser cavity and minimize nonlinear ef-

ects.11,12 Because silica fiber at �1 �m has a high
alue of normal dispersion, the neodymium and Yb
aser systems can be conveniently operated in the
tretched-pulse regime.13,14 However, with large net
ormal dispersion mode-locking is difficult to initiate,
nd operation suffers from instability. For this rea-
on, typical stretched-pulse lasers operate with small
et normal group-velocity dispersion13–15 exploiting an
ppropriate compensation technique.
For coping with the difficulty in obtaining self-

tarting mode locking within a laser with a Fabry–
érot geometry, semiconductor saturable-absorber
irrors �SESAM� have been conveniently used to en-

ure the self-starting character of the mode locking.16

In this paper we experimentally investigate mode-
ocked Yb-doped fiber lasers. This paper is organized
s follows. In Section 2 we present a mode-locked
b fiber laser using an intracavity GTI for the gen-
ration of net anomalous GVD. The short-length
ighly doped Yb fiber provided a low value of net
ormal GVD that is compensated by a GTI mirror
ith a comparable amount of anomalous dispersion,
hile preserving an optical bandwidth sufficient for

upporting picosecond pulses. In Section 3 a com-
act dispersion compensator-free mode-locked Yb-
ber laser is presented. To avoid the need for
ispersion compensators, we built a short-length Yb-
ber laser. The few-centimeters-long highly doped
b fiber and the short segment of the single-mode
ber are contained in the cavity, providing a low
alue of net normal GVD.

. Mode-locked Ytterbium Fiber Laser with Use of a
TI Compensator

ispersion compensation based on a GTI was studied
ith use of the laser setup shown in Fig. 1. The
inear cavity is defined by the SESAM and the GTI
eflector. The total length of the fiber within the
avity was 74 cm, including a 10% output coupler.
he Yb-doped silica fiber �NA � 0.22; cutoff wave-

ength, �910 nm� had an unsaturated fiber absorp-
ion at 977 nm of �1900 dB�m. This Yb fiber was
anufactured by Liekki Oy �Lohjo, Finland� with use

f direct nanoparticle deposition technology.17

The SESAM used, operating in the 940–1050-nm
avelength range, is based on a GaInNAs material
nown as a dilute nitride system. It was monolithi-
ally grown on an n-type GaAs �001� substrate and is
imilar to the long-wavelength SESAM described in
ef. 18. An antiresonant Fabry–Pérot structure of
ESAMs is formed by the uncoated front surface and
he highly reflecting AlAs�GaAs mirror stack.10

his absorber allowed us to reliably trap the pulse
pectrum at the regime with anomalous GVD of the
TI.
The GTI we used was made with use of an electron

eam evaporator. The GTI consists of bottom and
op distributed Bragg reflectors �DBRs� with 10 and
.5 pairs of SiO2�TiO2, respectively, spaced by a 0.7-
m-thick of SiO2. Calculated mirror reflectivities at
023 nm are R � 0.9356 for the top DBR and R �
.9989 for the bottom DBR. The GTI structure res-
nance was positioned near � � 1022.8 nm, as seen
rom the reflectivity spectrum shown in Fig. 2. Al-

ig. 1. Cavity configuration for a mode-locked Yb fiber laser with
se of a GTI compensator.

ig. 2. Measured reflectivity of the Gires–Tournois structure. A
eflectivity dip at resonance is shown.
20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1903
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hough an ideal GTI is expected to have a flat power
eflectance spectrum, there is a dip at resonance in
he reflectance of the high-finesse GTI, owing to a
educed reflectivity of the bottom mirror. The reso-
ant extra loss would push the lasing spectrum away

rom the anomalous GVD regime toward the GTI
eflection maximum.19 To lock the pulse spectrum
o the region of the anomalous GVD, we have used a
ESAM with a large change in nonlinear reflectivity

up to 8%�.18 With this absorber mirror, the de-
rease in cavity loss for short-pulse operation is
igher than the loss penalty, owing to the dip in the
TI reflectivity at this wavelength ��1%�. As a re-

ult, the mode-locked operation starts spontaneously
t the wavelength range with the anomalous GVD
nd remains reliably trapped at this region.
The laser threshold for cw operation was �15 mW.
hen the Yb-doped fiber length was �2.5 cm, the

entral lasing wavelength was within the range of
020–1030 nm. With shorter lengths of Yb fiber,
he laser was operating at 980 nm. Self-started
ode-locked operation at spectral range around � �

023 nm with an anomalous GVD was obtained for
ump power above 40 mW with an output power up
o �1 mW. Figure 3 illustrates autocorrelations
races for the laser operating with a GTI reflector and
ith the GTI replaced with an ordinary highly reflec-

ive mirror. The pulse durations were 1.5 and 15.6
s, respectively, assuming a Gaussian pulse shape.
omparison of the autocorrelations shows that the
TI provides significant compensation of the fiber
ispersion. Implementing the GTI resulted in the
ulse shortening factor of the order of 10. The time-
andwidth products without and with dispersion
ompensation by use of the GTI are 0.98 and 0.43,
espectively, showing that the compensation results
n the generation of transform-limited Gaussian
ulses. The fundamental cavity frequency was 95
Hz.
Figure 4 shows the GTI reflectivity and the result-

nt GVD around the resonance and pulse spectra
904 APPLIED OPTICS � Vol. 43, No. 9 � 20 March 2004
ith the GTI and with a highly reflective mirror used
nstead of the GTI. The negative GVD generated by
he GTI is approximately �0.05 ps2 at the laser wave-
ength. The total dispersion in the cavity, including
double pass of the fiber segment and the GTI, was

stimated to be �0.01 	 0.005 ps2. This estimation
hows that the total cavity dispersion corresponds to

small, net anomalous group-velocity dispersion.
he uncertainty in the cavity dispersion relates to the
roblem of estimating the dispersion of the highly
oped Yb fiber.
It is important to note that, using a SESAM with

igh contrast of nonlinear reflectivity, the operation
n the negative GVD regime near � � 1022.8 nm was
ossible without any wavelength-selective elements
espite the reflectivity dip around the GTI resonant
avelength. Mode-locked operation occurs sponta-
eously at this wavelength for sufficient pumping
ower.

. Short Length Mode-Locked Ytterbium Fiber Laser

o minimize dispersion induced by the fiber and thus
void the need for any intracavity dispersion compen-
ators, we built a short-length fiber laser using highly
oped Yb fiber, as shown in Fig. 5. The laser could
e operated with an even smaller cavity dispersion by

ig. 5. Amplifying-loop cavity configuration for a short-length
tretched-pulse Yb-fiber laser.
ig. 3. Autocorrelation traces for pulsed operation with and with-
ut GTI.
ig. 4. Upper graph, GTI reflectivity near the resonant wave-
ength with calculated group-velocity dispersion; lower graph,
ulse spectra with and without dispersion compensation.
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imple use of the fiber section of the cavity consisting
f a gain fiber. However, in such a setup we would
eed to use bulk optics to pump the Yb fiber, to take
he output using mirror splitter, etc. Therefore the
aser loses its main advantage: compactness and
obustness of the all-fiber configuration.

The linear cavity is defined by the amplifying fiber
oop mirror and the semiconductor saturable absorber

irror. Placing the Yb fiber in the loop mirror al-
ows us to keep the signal�pump wavelength-
elective coupler and the output coupler external to
he laser cavity and thus to reduce further the fiber
egment of the laser cavity. The signal�pump
avelength-selective coupler and the loop mirror
ere made of fiber with a cutoff wavelength of �910
m. The fiber loop mirror was designed to couple
20% of the power to the output. It should also be
entioned that the fiber coupler forming the loop
irror acts as a nearly symmetrical splitter at the

ump wavelength of 915 nm; therefore the Yb fiber
as pumped from both ends, providing near-uniform

nversion.

ig. 7. Autocorrelation traces for stretched pulse operation with
engths of Yb fiber of 2.1 and 4.1 cm.
The SESAM and the Yb-doped fiber used were the
ame as described in the previous section.
The laser threshold for cw operation was �15 mW.

elf-started mode-locked operation was obtained for
ump power above 40 mW, with the output power up
o �1 mW. When the Yb-doped fiber length was
hort enough ��2 cm�, the laser was operating at 980
m. When the length of doped fiber was increased
o 3–4 cm, the central lasing wavelength was shifted
oward 1020–1030 nm, owing to the reabsorption of
80-nm emission, as shown in Fig. 6. Figure 7 illus-
rates autocorrelation traces for the lengths of the Yb
ber of 2.1 and 4.1 cm. It can be seen that a longer
b fiber, i.e., a higher value of a normal GVD, results

n a stronger pulse stretching. It is important to
ote that the pulse does not exhibit the pedestal,
hough the autocorrelations can not be fitted neither
ith a sech2 nor a Gaussian profile. To compress

he output pulses by removal of the positive temporal
hirp, we have used an anomalous dispersive delay
ine.11 The experiments have shown that the chirp
f the pulses is highly linear, resulting in an efficient
ulse compression. These results will be presented
n a future paper. The fundamental cavity fre-
uency corresponds to the pulse repetition rate of 140
Hz, as seen from the scope trace in Fig. 8.

. Conclusions

n conclusion, we have demonstrated mode-locked
b-fiber laser operation in the normal and anomalous
ispersion regime. To achieve the anomalous dis-
ersion regime, we used a Gires–Tournois compen-
ator in a short length cavity with a 2.5-cm highly
oped Yb fiber. With use of a broadband semicon-
uctor saturable absorber mirror based on GaInNAs,
hich has a large change in nonlinear reflectivity,

elf-started 1.5-ps pulse mode-locked operation was
btained at 1023 nm with a repetition rate of 95 MHz.
mplementation of the GTI resulted in a pulse-
hortening factor of the order of 10. Specially de-
igned high-reflectivity Gires–Tournois mirrors have
een proved to be attractive candidates for control-
ig. 6. Output spectra from the mode-locked laser in the 980–
030-nm wavelength range, obtained with Yb fiber with lengths
anging from 2.1 to 4.1 cm.
ig. 8. Stable pulse train at the fundamental cavity frequency of
40 MHz.
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ing intracavity dispersion in fiber lasers. We be-
ieve that if we use a GTI with smaller resonant
osses, we would be able to avoid the bandwidth lim-
tation provided by the present device. With im-
roved design, currently under preparation, we
xpect to generate broader pulse spectrum corre-
ponding to sub-500-fs pulses.
In the normal dispersion regime, stable and self-

tarting pulse operation was obtained without apply-
ng any dispersion compensation technique.
verall normal group-velocity dispersion was mini-
ized by use of a short length of highly doped Yb fiber

n a compact amplifying loop cavity. With use of the
ame broadband semiconductor saturable absorber
irror based on the GaInNAs material system, self-

tarted mode-locked operation was obtained in the
80–1030-nm wavelength range with a repetition
ate of 140 MHz.

In the cavity using the loop mirror, the self-phase
odulation was negligible owing to low average

ower and relatively broad pulses �order of 10 ps�.
he small length of fiber further minimizes the influ-
nce of any nonlinear phase shift. In the setup us-
ng the GTI, we have estimated round-trip nonlinear
hase shift to be �0.2 rad. Therefore, although self-
hase modulation may contribute to the pulse-
haping mechanism, our observations confirm the
ominant role of the SESAM on pulse formation.

The authors would like to thank Liekki Oy for pro-
iding the Yb-doped fiber.
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Abstract: The behavior of transient oscillations has been studied 
experimentally for the first time in a broadly tunable ytterbium fiber laser. 
Spectroscopic study of the relaxation frequency allows one to distinguish 
three- and four-level transitions and provides a useful tool for controlling 
the dynamics of pulsed lasers. Particularly, the relaxation oscillation 
frequency depends on the occupation of the terminal level of the laser 
transition and clearly shows that the laser transition becomes four-level at 
the long-wavelength tail of the gain spectrum of ytterbium fiber (λ > 1060 
nm). The wavelength dependence of relaxation oscillations can be used to 
determine the parameters of the gain material such as transition cross-
section. 

© 2005 Optical Society of America 

OCIS codes: (160.3380) Laser materials; (160.5690) Rare earth doped materials; (160.2290) 
Fiber materials; (140.3510) Lasers, fiber; (060.2270) Fiber characterization 

 

References and links 

1. L. Reekie, R. J. Mears, S. B. Poole, and D. N. Payne, “Tunable Single-Mode Fiber Lasers,” J. Lightwave 
Technol. LT-4, 956–960 (1986). 

2. O. G. Okhotnikov and J. R. Salcedo, “Spectroscopy of the transient oscillations in a Nd3+-doped fiber laser 
for the four-level 4F3/2-

4I11/2 (1060 nm) and three-level 4F3/2-
4I9/2 (900-nm) transitions,” Appl. Phys. Lett. 64, 

2619–2621 (1994). 
3. C. R. Ó. Cochláin, R. J. Mears, and G. Sherlock, “Low threshold tunable soliton source,” IEEE Photon. 

Technol. Lett. 5, 25–28 (1993). 
4. K. Tamura, E. P. Ippen, and H. A. Haus, “Optimization of filtering in soliton fiber lasers,” IEEE Photon. 

Technol. Lett. 6, 1433–1435 (1994). 
5. H. M. Pask, R. J. Carman, D. C. Hanna, A. C. Tropper, C. J. Mackechnie, P. R. Barber, and J. M. Dawes, 

“Ytterbium-Doped Silica Fiber Lasers: Versatile Sources for the 1–1.2 µm Region,” IEEE J. Sel. Top. 
Quantum Electron. 1, 2–13 (1995). 

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

7. O.G. Okhotnikov, L. Gomes, N. Xiang, T. Jouhti, A. K. Chin, R. Singh and A.B. Grudinin, “980 nm 
picosecond fiber laser,” IEEE Photon. Technol. Lett. 15, 1519–1521 (2003). 

8. O.G. Okhotnikov, V.V. Kuzmin and J.R. Salcedo, “General intracavity method for laser transition 
characterization by relaxation oscillation spectral analysis,” IEEE Photon. Technol. Lett. 6, 362–364 (1994). 

9. O.G. Okhotnikov and J.R. Salcedo, “Laser transitions characterization by spectral and thermal dependences 
of the transient oscillation,” Opt. Lett. 19, 1445–1447 (1994). 

10. C. J. Kennedy, J. D. Barry and R. R. Rice, “Measurement of parameters in a mode-locked and frequency-
doubled Nd:YAG laser using relaxation oscillations,” J. Appl. Phys. 47, 2447–2449 (1976). 

11. J. Harrison, G. A. Rines and P. F. Moulton, “Long-pulse generation with a stable-relaxation-oscillation 
Nd:YLF laser,” Opt. Lett. 13, 309–311 (1988). 

 

 

1. Introduction 

Telecom industry had resulted in development of mature fiber technology and reliable and 
cost effective components, which makes suitably designed fiber lasers real contenders to 
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conventional solid-state lasers. Rare-earth doped fibers exploiting the three-level and four-
level transitions in Er3+, Nd3+, Pr3+ and Yb3+ are now used in many applications, including 
fiber lasers and optical amplifiers. For these sources, especially those operated in mode-
locked or Q-switched regime, it is important to know the process that governs the transient 
emission buildup, including the population inversion dynamics, the effect of spontaneous 
emission and the nature of the laser transition. The broad fluorescence spectrum makes 
different fiber gain media particularly attractive for tunable and ultra short pulse sources. Cw 
operation for a Nd:glass fiber laser was reported over a tuning range of 30 nm [1] and more 
recently over 50 nm [2]. For Er-doped fiber lasers, tuning over 35 nm was achieved in an 
actively mode-locked system [3] and over 50 nm in a passively mode-locked fiber soliton 
laser [4]. 

Ytterbium-doped silica fiber having broad gain bandwidth, high optical conversion 
efficiency, and large saturation optical flux offers an almost ideal gain medium for the 
generation and the amplification of wavelength-tunable ultra short optical pulses. The broad 
gain spectrum of Yb fiber attracted many researchers; particularly emission and cross section 
were measured in [5]. For fiber lasers doped with ytterbium, which exhibits a particularly 
wide fluorescence spectrum, a tuning range of ~100 nm was demonstrated [6]. An additional 
interesting feature of Yb-doped fiber lasers is that under certain conditions those lasers can 
operate in the 977 nm spectral band, which make them very attractive as a master source for 
frequency doubling to achieve 488 nm and thus to substitute the bulky and inefficient Ar-ion 
lasers [7]. Therefore, the vast wavelength range of 980 to 1100 nm can be achieved with Yb-
fiber lasers. Such broad wavelength tunability, however, requires knowledge of the 
mechanisms of the laser transition and dynamics. Earlier it was shown that in glasses doped 
with erbium and neodymium as active ions, the laser transition changes its property over the 
gain bandwidth [2, 8, 9]. This feature alters the oscillation dynamics of the lasers that in turn 
may strongly affect the characteristics of the pulsed operation. In particular, it was shown that 
notable transient effects in lasers that take the form of well-known relaxation oscillations have 
a characteristic period and damping decay time strongly dependent on the operation 
wavelength. Experiments performed with the rare-earth-doped fiber lasers clearly demonstrate 
the different wavelength dependence behavior of the transient oscillations depending on the 
nature of the laser transition. A close inspection of the frequency of relaxation oscillations 
ωrelax across the gain bandwidth resulted in some interesting features being observed [2, 8, 9]. 
The slopes of the linear dependencies of ω2

relax vs. (r–1) were found to change noticeably with 
wavelength for the three-level transition relaxation oscillations; here r is a normalized 
pumping rate. In contrast, the linear dependence was wavelength independent for the four-
level transition relaxation oscillations, as expected. The origin of the wavelength dependence 
of ω2

relax for three-level systems was understood from the small-signal analytic solution of the 
rate equations, taking into account the thermal level population [2]: 

( )( )11
12 −+= rNfc l

c
sc

relax σητ
ττ

ω .   (1) 

The symbols used in this equation are defined as follows: N is total number of active ions, c, 
σ are the speed of light and laser transition cross section, η = l/ [L+ l (n–1)], where L, l are the 
total cavity length and the length of the gain medium, respectively, n is the refractive index, f l 
is the fractional thermal occupation of the lower laser level and τc, τs are the cavity and laser 
transition lifetimes. 

From this equation it is clear that the wavelength-dependent term in parentheses 
disappears for lasers operating on transitions with a negligible population on the terminal level 
(f l = 0). An important consequence of this feature (not observed in four-level systems) is that 
the relaxation oscillation frequency depends directly on the absorption at the signal 
wavelength (σ f l ≠ 0) as a result of the finite thermal population of the ground level. 
Therefore the wavelength dependence of the relaxation oscillations provides a method to 
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distinguish three- and four-level transitions, and this can be useful in spectroscopic studies as 
well as in determining the parameters of the laser transition [9–11]. 

2. Experimental results 

In this article we use this method to identify the mechanism of the laser transitions in 
ytterbium fiber laser. The measurements show that the transient buildup of the emission in the 
long-wavelength tail of the Yb-fiber gain spectrum (λ>1060 nm) reveals the 4-level nature of 
the laser transition contrary to the operation at shorter wavelengths. This feature modifies 
strongly the properties of the Yb-fiber laser, affects laser operation in a pulsed mode, e.g. Q-
switching, and should be accounted for when constructing a pulse laser. 

The linear cavity (see Fig. 1) containing a piece of Yb3+-doped fiber as the gain medium 
was defined by a fiber loop mirror acting also as a 15% output coupler and a 1/1200 mm-1 
reflection grating in a Littrow configuration. An intracavity antireflection coated lens was 
used to collimate the beam from the single-mode fiber onto the diffraction grating. Optical 
pumping for 980 nm region lasing was provided by a 915 nm diode laser through dichroic 
fiber combiner supplying up to 100 mW in the gain fiber. The tunable operation in the 1030–
1105 nm wavelength range exploits a 980 nm pump diode with an appropriate fiber combiner. 
1-kHz chopper placed in the open section of the cavity was used to observe the transient 
evolution of the laser emission towards its stationary state. 

 
Fig. 1. Experimental setup. For 980 nm spectral range, a 915 nm pump was used with 30 cm 
Yb-fiber and three wavelength-division multiplexers (WDM) 1: 915/980, 2: 910/1024, 3: 
920/1050. For 1030–1100 nm range, 142 cm-long Yb-fiber  was pumped with 980 nm single-
mode pigtailed diode laser through the cascade of three fiber WDMs 1: 980/1100, 2: 980/1030, 
3: 980/1050. 

A signal/pump wavelength-selective coupler and output coupler were made of fiber with 
a cutoff wavelength of 920 nm. Depending on the operating spectral range, the fiber was 
pumped through a different kind of fiber multiplexers (see Fig. 1) to achieve high extinction 
in a broad wavelength range. We have observed that external reflections may severely affect 
the dynamics of ytterbium fiber laser. Few pump multiplexers were then used in series to 
exclude any optical coupling between pump laser diode and fiber laser cavity. 

When the doped fiber length was short enough (~30 cm) to ensure at least 50% 
population inversion along all fiber, the laser was operating straight at 980 nm even without 
any wavelength selective elements. Pump through power in this instance was around 10 mW 
(for 100 mW of launched power at 915 nm). When the doped fiber length was increased to 
142 cm, so that 980 nm radiation was re-absorbed inside the fiber, the central lasing 
wavelength was shifted towards 1040 nm. It should be noted that the cavity length, L, and the 
total number of active ions in the cavity, N, affect the absolute value of the relaxation 
oscillation frequency, as seen from Eq. (1). However, although ωrelax changes with the length 
of the ytterbium fiber placed as an active medium, the nature of the laser transition (3- or 4-
level transition) depends only on population of the terminal level (f l) and obviously not on the 
amount of the gain fiber. 
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Yb3+-doped fiber had a core diameter of 3.0 µm and showed absorption of 3.1 dB/m at 
810 nm. The relaxation oscillation frequency ωrelax was determined from the repetition period 
of the small-amplitude strongly damped nearly sinusoidal oscillations (see Fig. 2). 
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Fig. 2. Typical transient oscillations from an Yb3+-doped fiber laser. Pumping rate normalized 
to the threshold pumping rate is r–1=0.12 and lasing wavelength is λ=1053 nm. 

The wavelength-resolved relaxation oscillations measured at room temperature were 
analyzed over the whole gain spectrum of ytterbium fiber. Figures 3 and 4 show a plot of 
(ωrelax /2π)2 vs. (r–1), where r is the pumping rate normalized to the threshold pumping rate, 
around 980 and 1030–1105 nm, respectively, taking the lasing wavelength as a parameter. 
Although, we always observed linear dependencies for (ωrelax /2π)2 vs. (r–1), as it is expected 
from analysis based on rate equations; the relaxation oscillations originating at the four-level 
(λ>1060 nm) and three-level (λ<1060 nm) transitions exhibited different wavelength 
dependencies. 
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Fig. 4. (ω relax / 2π)2 against normalized pumping rate (r–l) for 1030–1105 nm spectral range. 

Figure 5 presents spectral dependence of the relaxation oscillation parameter (ωrelax 
/2π)2/(r–1), i.e., the slope of the linear dependencies of (ωrelax /2π)2 vs. (r–1). As seen from the 
Fig., this slope changes noticeably with wavelength for the three-level transition. It, however, 
was fairly wavelength independent for λ>1060 nm demonstrating the four-level nature of 
laser transition at the long-wavelength tail of the ytterbium gain spectrum [8, 9]. Particularly, 
the strong decrease in the frequency of the relaxation oscillations was observed at long 
wavelength resulting in a slow laser dynamics. It is also evident from the Fig. 5 that the 
individual absorption transitions originated from Stark sublevels with different equilibrium 
populations have pronounced correlation with transient dynamics. We can deduce from the 
absorption spectrum that the lasing transitions for λ>1060 nm becomes four-level owing to 
negligible population of the ground level at room temperature. 
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Fig. 5. Wavelength dependence of the relaxation oscillation parameter (ωrelax  / 2π)2 / (r–l) 
derived from the plots presented in Fig. 4 and of the Yb3+−φιβερ αττενυατιον. 
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3. Summary 

In summary, the relaxation oscillations in the tunable ytterbium fiber laser were studied at 
room temperature in a wide spectral range. The measurements revealed remarkable 
wavelength dependence of the oscillator dynamics that reflects the change in the character of 
the laser transition. Particularly, the laser transition at the long-wavelength edge of the gain 
spectrum (λ>1060 nm) functions as a four-level system contrary to the short-wavelength 
operation, where transition corresponds to three-level behavior. This phenomenon 
significantly alters the transient dynamics and should be accounted in pulsed lasers especially 
in broad gain spectrum tunable lasers. 
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Thin-Film Fabry–Pérot Dispersion Compensator for
Mode-Locked Fiber Lasers

Lasse Orsila, Robert Herda, Tommi Hakulinen, and Oleg G. Okhotnikov

Abstract—We demonstrate a dielectric thin-film Fabry–Pérot
etalon operated as a dispersion compensator in a mode-locked
fiber-laser cavity. The etalon generates anomalous dispersion
near the low-loss spectral window and, consequently, the laser
mode-locked by the semiconductor saturable absorber favors
operation at anomalous dispersion regime without spectral filter.
The etalon compensator is tunable, compact, easy to align, and
suitable for picosecond and subpicosecond pulse operation.

Index Terms—Optical fiber dispersion, optical fiber lasers,
optical films, thin films, ultrafast optics.

I. INTRODUCTION

FABRY–PÉROT etalons may generate large dispersion
near the resonant wavelength [1]. It has been recently

shown that the amount of the dispersion induced by the op-
timized etalon could be sufficient to balance the dispersion
of a fiber laser cavity [2], [3]. Gires–Tournois interferometer
representing strongly asymmetric etalon operating in reflection
exhibits, however, increased losses near the resonant wave-
length. For this reason, the use of the etalon in reflection near
the resonant wavelength would make the mode-locking difficult
to achieve and should employ additional wavelength-selective
elements to enforce the laser operation at high-loss state [4].
This feature can be avoided by using the Fabry–Pérot etalon in
transmission. With this geometry, cavity-enhanced anomalous
dispersion regime of the etalon is near the spectral range of
high transmission.

This study demonstrates an attractive potential of a trans-
mission thin-film etalon (TFE) for dispersion compensation in
mode-locked fiber lasers. Particularly, we show that TFE is able
to introduce an amount of anomalous dispersion with an optical
bandwidth sufficient to support subpicosecond pulses in a fiber
laser with a cavity length below 1 m. The etalon acts as an intra-
cavity spectral filter and sets the operation wavelength sponta-
neously close to the low-loss resonance of the etalon. By tilting
the etalon relative to the laser beam, the resonant wavelength of
the etalon can be adjusted to the desired operation wavelength.

II. TFE STRUCTURE AND CHARACTERISTICS

Since the dispersion of the etalon is largely determined by the
free-spectral range and mirror reflectivities [5], these parameters
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Fig. 1. (a) Measured round-trip transmission and GDD of the etalon operation
in transmission mode for two angles, left 31.2 and right 26.8 . (b) Tuning of
the resonant wavelength obtained by tilting the etalon.

were set to ensure the amount of anomalous dispersion that can
compensate the dispersion of single-mode fiber with a length
of 1 m at 1 m, which is a typical length of the fiber laser
cavity. Another important objective of the compensator design
is a width of the spectral band, where etalon generates signifi-
cant amount of anomalous dispersion. The target value for the
bandwidth pursued in the simulation was 2 nm that allows for
subpicosecond pulse generation.

Symmetrical TFE was made using electron beam evaporator.
The etalon consists of bottom and top distributed Bragg reflec-
tors with 4.5 pairs made of Al O , SiO , and TiO spaced by
a SiO cavity with an optical length of . It is relevant to no-
tice here, that an ideal symmetrical etalon has no losses at the
resonant wavelength. The rear side of the etalon substrate was
antireflection-coated with eight layers of TiO and SiO to pre-
vent unwanted Fabry–Pérot effects between the TFE mirror and
the substrate–air interface. The TFE resonance was positioned
near nm for an angle between an optical axis and
normal to etalon surface of .

Fig. 1(a) shows transmission spectrum and group delay
dispersion (GDD) of the etalon. Dispersion measurements
were performed with a phase-locked interferometer. Both mea-
surements and numerical simulations indicate the transmission
window picked at the resonant wavelength of 1040 nm for

.
The simulations agree well with the measured data. The

anomalous GDD of approximately 0.02 ps is generated by
TFE near the resonant wavelength. The tilting of the etalon
relative to the laser beam allows for tuning of the operation
wavelength. Fig. 1(b) shows the tuning range of the etalon that
covers the whole gain bandwidth of an ytterbium fiber.

III. EXPERIMENTAL RESULTS

Fig. 2 shows the setup of the mode-locked fiber laser em-
ploying a symmetrical Fabry–Pérot etalon compensator oper-
ating in transmission mode. The short-length cavity was made

1041-1135/$20.00 © 2006 IEEE
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Fig. 2. Passively mode-locked ytterbium fiber laser with dispersion compen-
sation using Fabry–Pérot etalon.

using a 70-cm-long highly doped ytterbium fiber with speci-
fied unpumped absorption of 414 dB/m at 976 nm. The ytter-
bium-doped fiber is pumped with a 980-nm laser diode deliv-
ering up to 140 mW in a single-mode fiber. The laser cavity con-
tains a 980/1050-nm pumping fiber coupler and a short-length
loop mirror as a cavity reflector and a 30% output coupler. The
TFE was inserted in a collimated beam within the laser cavity,
as shown in Fig. 2. Throughout this study, the cavity dispersion
determined mainly by the fiber segment was varied to explore
etalon characteristics at different regimes.

Self-starting mode-locked operation was ensured by the semi-
conductor saturable absorber mirror (SESAM) [6]. A high mod-
ulation depth absorber mirror grown by all-solid-source molec-
ular beam epitaxy was similar to that described in [3]. The im-
portant property of this SESAM is that it could start mode-
locking in a wide range of cavity dispersion [7]. The pump
power threshold for self-starting mode-locking was 100 mW.
The overall cavity length including the air-gap section corre-
sponds to a fundamental pulse repetition rate of 50 MHz. Typ-
ical laser output power was 1 mW. Excess loss of etalon was
below 20% mainly due to some asymmetry in the mirrors re-
flectivities. Optimal performance of mode-locked operation was
achieved at moderate pump powers slightly above the threshold
avoiding an excessive spectral broadening resulted in additional
cavity loss due to the limited etalon bandwidth.

The performance of the etalon compensator was studied by
varying the cavity dispersion of the mode-locked laser. Without
a TFE compensator, a very broad square-shaped spectrum with
the bandwidth of 4 nm was observed indicating a stretched
pulse regime, as shown in Fig. 3(a). With an etalon inserted into
the cavity, the pulsewidth experiences significant narrowing
from 26 down to 2.1 ps, as seen from the autocorrelation trace
presented in Fig. 3(b). Thus, using a TFE compensator provides
pulse shortening by a factor of 12. The time-bandwidth
product reduces from 28 to 2.32 remaining still quite high. This
was attributed to the large dispersion of a long fiber segment
that could not be fully compensated by the TFE resulting in
overall normal cavity dispersion estimated as 0.001 ps .

Since the maximum of the etalon transmission occurs at the
resonance, it is generally expected that laser spectrum would
be picked at this wavelength. The experimental observations
confirmed by the numerical simulation show, however, that the
mode-locked fiber laser tends to operate with central wavelength
blue-shifted from the resonance to the spectral point, where the
etalon generates essential amount of anomalous dispersion, as
seen from Fig. 4. This feature results from SESAM that gains
more complete saturation of the absorption at anomalous dis-
persion regime, where shorter pulses and, consequently, higher

(a)

(b)

Fig. 3. (a) Optical spectrum and autocorrelation of 26-ps pulses obtained
without dispersion compensation. The time-bandwidth product is 28. Es-
timated cavity dispersion is � = +0:021 ps . (b) Optical spectrum and
autocorrelation of 2.1-ps pulses obtained with dispersion compensated by the
etalon; the time-bandwidth product is 2.32. Estimated cavity dispersion is
� = +0:001 ps . Except for the etalon, the cavity is the same as in (a).

Fig. 4. Mode-locked pulse and TFE double-pass transmission spectra. Pulse
spectrum is blue-shifted relative to TFE transmission peak towards the regime
with anomalous dispersion.

peak powers could be achieved. The decrease in SESAM ab-
sorption, therefore, compensates the etalon loss due to detuning
from the resonant wavelength. By tilting the etalon, its trans-
mission maximum shifts to shorter wavelengths providing the
tunable pulse operation between 1032 and 1060 nm.

The cavity dispersion was then slightly decreased. Fig. 5 il-
lustrates spectra and autocorrelations for this configuration op-
erating with and without TFE. The measurements revealed that
implementing the etalon compensator resulted in a pulsewidth
shortening from 3.9 to 1.3 ps, while the time-bandwidth product
reduces from 10 to 0.5, respectively, demonstrating an essential
improvement in pulse quality. The total cavity dispersion was
estimated to be 0.015 ps in anomalous regime. Although, the
laser is expected to operate in soliton regime, the optical spec-
trum displayed in Fig. 5(b) shows no evidence of distinctive
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(a)

(b)

Fig. 5. (a) Optical spectrum and autocorrelation of 3.9-ps pulses obtained
without etalon compensator with total cavity dispersion in a normal regime
with � = +0:006 ps . The corresponding time-bandwidth product is 10.
The contribution to the cavity dispersion from the fiber was reduced, as
compared to the geometry presented in Fig. 2. (b) Optical spectrum and auto-
correlation of 1.3-ps pulses obtained with dispersion compensated by etalon;
corresponding time-bandwidth product is 0.5. Estimated cavity dispersion is
� = �0:014 ps in anomalous regime. Except for the etalon, the cavity is the
same as in (a).

(a)

(b)

Fig. 6. (a) Optical spectrum and autocorrelation of 0.77-ps pulses with
grating pair compensator. The corresponding time-bandwidth product is 0.51.
Estimated anomalous dispersion of the cavity is � = �0:13 ps . (b) Optical
spectrum and autocorrelation of 0.84-ps pulses obtained with both intracavity
etalon and grating pair; corresponding time-bandwidth product is 0.6. Except
for the etalon, the cavity is the same as in (a). The solitonic sidebands are
filtered out by the etalon.

sidebands. This feature was attributed to the spectral filtering
provided by the etalon. This conclusion was further verified

by running the laser in soliton regime even without TFE com-
pensation. The cavity dispersion was set to anomalous disper-
sion regime using transmission grating pair with 1250 lines/mm
(not shown in Fig. 2). Fig. 6 shows the output pulse spectra
and autocorrelations of the laser with the total cavity disper-
sion of 0.13 ps . Since the dispersion induced by the etalon
is low compared to the dispersion of the grating compensator,
it could not significantly affect the total cavity dispersion and,
consequently, pulsewidth. The duration increases slightly from
0.77 to 0.84 ps indicating that etalon bandwidth is sufficient to
support subpicosecond solitons. The solitonic sidebands clearly
seen without etalon Fig. 6(a) are strongly suppressed when the
etalon is inserted into the cavity Fig. 6(b). Suppression of the
spectral sidebands is another positive aspect in using an intra-
cavity etalon for soliton laser [8].

IV. CONCLUSION

In this letter, we report the first successful implementation of
Fabry–Pérot TFE as a dispersion compensator in mode-locked
ytterbium fiber laser. The etalon operating in transmission has
been rigorously examined in cavities operating in different
dispersion regimes. The results show that etalon can generate
amount of anomalous dispersion to compensate about 80 cm
of fiber at 1 m in a bandwidth sufficient for supporting
subpicosecond pulses. The etalon used in transmission mode
generates anomalous dispersion near the low-loss wavelength
range and favors pulse operation at this regime without spectral
filters. The Fabry–Pérot etalon could be a promising compo-
nent for ultrafast lasers and can also be used for suppressing
solitonic sidebands. In conclusion, we have demonstrated a
tunable, compact and easy to align dispersion compensator for
ytterbium fiber laser. A self-starting passive mode-locking was
ensured with an SESAM. The important conclusion derived
from this study shows that there is a tradeoff between amount
of dispersion and optical bandwidth provided by the TFE that
supports the subpicosecond pulse generation from fiber lasers.
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L. Orsila, S. Kivistö, R. Herda and O. G. Okhotnikov, ”Spectroscopy of the relaxation
dynamics in Tm-Ho-fiber lasers,” in Conference Digest of European Conference on
Lasers and Electro-Optics 2007, München, 20–25 June, 2007, p. CE-24-TUE.

Copyright 2007 by IEEE. Reproduced with permission.

kulkki
Text Box
This material is posted here with permission of the IEEE. Such permission of the IEEE does not in any way imply IEEE endorsement of any of the Tampere University of Technology's products or services. Internal or personal use of this material is permitted.  However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution must be obtained from the IEEE by writing to pubs-permissions@ieee.org.By choosing to view this material, you agree to all provisions of the copyright laws protecting it.





Spectroscopy of the relaxation dynamics in Tm-Ho-fiber lasers 
L. Orsila, S. Kivistö, R. Herda and O. G. Okhotnikov 
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Thulium-doped silica fiber proved to be a good solution for light generation near 2 μm. The lasers based on this gain 
medium were shown to be capable of producing high powers with a broad tuning range and have clear potential for 
ultra short pulse generation. These features make thulium a promising material for medical and LIDAR applications. 
Recent studies discover important parameters of thulium doped fiber [1]. Particularly, the dependence of the emission 
efficiency on the doping level and transition cross section have been determined. Adding holmium as a co-dopant was 
shown to increase the pump absorption and to extend the thulium gain spectrum to longer wavelengths. The properties 
of host material and co-doping affect strongly the gain broadening and are used as an instrumental in designing the 
optical amplifiers, tunable and mode-locked laser systems. Earlier studies have shown that the type of laser transition 
may evolve across the gain bandwidth [2]. In particular, it has been shown that the transient effects having the form of 
well-known relaxation oscillations with a characteristic frequency ωrelax depend on the operation wavelength. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1 Wavelength dependence of the relaxation oscillation parameter (ωrelax/2π)2 / (r–1) derived from 
oscillation frequency vs. normalized pump power (r–1) curves and absorption spectrum of the fiber. 

 
The linear cavity laser containing silica fiber doped with 0.646 wt-% of Tm and 0.040 wt-% of Ho (core diameter of 7.3 
μm) was used to investigate Tm-Ho characteristics. The cavity is defined by a 40 % output coupler and a 1/600 mm-l 
reflection grating operating in a Littrow configuration. The laser was pumped with an l564-nm single-mode Keopsys 
laser system supplying up to 6 W of pump power. The relaxation oscillation frequency was determined from the 
repetition period of the small-amplitude oscillations. The wavelength-resolved relaxation oscillations were measured at 
room temperature over the entire gain spectrum of Tm-Ho-fiber from 1860 nm to 2020 nm. From Fig. 1 can be seen that 
at long-wavelength tail of the gain, λ > 1960 nm, the laser operates as a 4-level scheme at these wavelengths. On the 
contrary, for the short wavelength range, λ < 1960 nm, oscillations exhibit significant spectral variation due to thermal 
population of the terminal energy level at room temperature. This indicates a change in the type of laser transition from 
four- to three-level type while going to shorter wavelengths. It is generally expected that absorption owing to individual 
transitions between different Stark sublevels depends on the population of the terminal level and it becomes negligible 
for the long-wavelength wing of the gain spectrum, where the material operates as a four-level system at room 
temperature. The behavior correlates with the absorption spectrum of the Tm/Ho fiber. A closer look at longer 
wavelengths and to Ho properties suggest that Tm-Ho-laser would change back to three-level system around 2020 nm 
and then can be assumed to change back to four level scheme at longer wavelengths making Tm-Ho-dynamics 
complicate. This phenomenon affects the transient dynamics and should be accounted in pulsed and tunable lasers. 
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Monolithic Fiber Mirror and Photonic
Crystal Technology for High Repetition Rate

All-Fiber Soliton Lasers
Lasse Orsila, Robert Herda, and Oleg G. Okhotnikov

Abstract—In this letter, we discuss the technology of a thin-film
coating made with electron beam evaporation on a single-mode
fiber end facet. A dichroic mirror made of ZrO2 and SiO2 was
found to provide the necessary selectivity for 980-nm pump and
1040-nm signal wavelengths and enabled us to build a short-cavity
mode-locked ytterbium fiber laser. Combined with a photonic
crystal fiber dispersion compensator, it allows the realization of a
572-fs soliton all-fiber laser with a fundamental repetition rate of
571 MHz.

Index Terms—Optical fiber lasers, optical films, thin films, ultra-
fast optics.

I. INTRODUCTION

DESPITE impressive progress in the field of mode-locked
fiber lasers, the development of practical sources remains

hindered by the lack of appropriate fiber components. Par-
ticularly, femtosecond high repetition rate oscillators require
dispersion compensators, dichroic elements, and reflectors
to assemble an optically pumped laser cavity. These com-
ponents should preferably be fiber-based to build a low-loss
short-length cavity avoiding bulk-optical elements. Recently,
dispersion compensators based on photonic crystal fiber
(PCF) have been demonstrated, resulting in high-performance
systems. However, these still use some bulk elements and
intracavity pump couplers that bring in certain constraints as far
as shortening of the cavity length [1], [2]. Also, in contrast to
the excessively large dispersion of chirped fiber Bragg gratings,
PCF provides a proper amount of dispersion to the short laser
cavity.

From this perspective, integrated reflectors fabricated by the
coating of bare fibers or fiber connectors offer valuable mirrors
and pump combiners that allow for extremely short all-fiber cav-
ities. Consequently, the mode-locked oscillator could produce a
high fundamental repetition rate with a low timing jitter com-
pared with lasers operated at a higher harmonic [3].

Although simple fiber-end coating is frequently used at
present for preventing back-reflections, the technology of the
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dichroic multilayered coating should address specific issues to
control the spectral and mechanical properties of thick struc-
tures deposited onto a small-area glass fiber. Here we describe
the technology of dichroic reflectors deposited by electron
beam evaporation on the fiber-end facets and demonstrate the
usefulness of these components together with photonic crystal
technology for ultrafast high repetition rate all-fiber lasers.

II. FIBER END FACET COATINGS AND DEPOSITION MATERIALS

An obvious strategy in building a compact fiber laser is
minimizing the number of intracavity components. Typical
mode-locked fiber lasers, however, use an intracavity fiber
combiner and output coupler that may essentially contribute
to the total cavity length. This can be avoided when the output
coupler and pump combiner are designed as the cavity end
mirror. In an ytterbium fiber laser, this dichroic mirror should
have a high transmission at the pump wavelength of 980 nm
and a given reflectivity, typically 50%–80%, at the signal wave-
length of 1040–1080 nm. The figure of merit of such a reflector
depends primarily on the slope of the spectral response between
pump and lasing wavelengths. It is well-known that the sharp-
ness of the edge-type spectral filter increases with the number
of layers, which is eventually limited by the material adhesion.
It should also be mentioned that for practical implementation,
a coating on the fiber, assembled with a standard connector,
would be desirable. However, this may limit the temperature
that can be used during the coating process because of possible
material degradation and thermal expansion in the connector
components. On the other hand, the temperature of the coated
material cannot be decreased too much because the adhesion of
the thin-film to the glass could deteriorate at low temperatures.
Finally, the total coating thickness should be kept well below
the mode field diameter in a fiber (typically of 4–6 m around
1 m wavelength) to avoid excessive optical loss. Therefore,
the coating technology should search for a proper trade-off
between conflicting requirements.

The materials for fiber coating have been selected based on
their refractive index, adhesion, absorption, mechanical proper-
ties and heat conductivity. Although TiO has a high refractive
index and it is widely used in the thin-film industry, the mul-
tilayer coatings on a fiber using TiO films have a tendency to
tensile fracturing and delamination [4], [5]. An example of this
feature is depicted in Fig. 1 (left). Tantalum pentoxide Ta O , on
the other hand, is susceptible to developing coating defects such
as nodules [6], when it is deposited under high oxygen partial
pressure and substrate temperatures [7]. In this study, we have

1041-1135/$25.00 © 2007 IEEE
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Fig. 1. Examples of fiber end facet coating: coating damaged by poor adhesion
and stress (left); material spitting and contamination diminish the surface quality
(middle); a successful coating with a smooth surface (right).

found that zirconium oxide ZrO would be an optimal material
even though it has a tendency to form inhomogeneous optical
layers. The problems that should be addressed with this mate-
rial include a high temperature required for evaporation and the
tendency for the formation of multiple crystal phases within the
area exposed to e-beam [8]. However, by tolerating a certain
layer inhomogeneity, we could gain a better adhesion to the op-
tical fiber and to low index SiO material. MgF could be an-
other low index material, though it acquires a high tensile stress.
This is a general feature of fluorides that limits the thickness of
MgF layers [9].

III. THIN-FILM STRUCTURES AND CHARACTERISTICS

In this work, we tested different materials and temperature
regimes to achieve good adhesion to a fiber end facet. The di-
electric thin film was deposited onto a single-mode fiber, typ-
ically assembled with a FC/PC-connector. We discovered that
high temperature ( 150 C and above) has a detrimental effect
on the coatings and leads to a poor adhesion and structural de-
fects due to thermal stress, as shown in Fig. 1 (left).

TiO as a high index material, proved to have a weaker
adhesion to fiber compared to ZrO . However, ZrO tablets
have a tendency to spit during the evaporation, as shown in
Fig. 1 (middle), unless they are not carefully heated and a spiral
e-beam scan is used. Best results have been achieved when
the sample was heated to 90 C with ZrO as a high index
material ( at 1 m, evaporation rate 0.1–0.2 nm/s,

mbar pressure) and SiO as a low index material
( at 1 m, evaporation rate 0.35 nm/s, pressure around

mbar). Oxygen was added to sustain the pressure. An
example of a successful coating is shown in Fig. 1 (right).

Since the exact refractive index and actual evaporation rate
depend on various factors, e.g., chamber gas partial pressures,
substrate temperature, and evaporation beam shape, a careful
calibration of all parameters is needed, while the mirror design
should be reasonably tolerant to small perturbations in the evap-
oration process.

The dichroic mirror aimed at the current application should
satisfy quite challenging requirements. The mirror should pro-
vide a high throughput at pump wavelength and have a pre-
scribed reflectivity at signal wavelength , which determines
the output coupling of the laser cavity. An ideal spectral profile
for this purpose would be a step-like shape. In practice, however,
the mirror quality is largely determined by the spectral slope

at the range between and , as shown in Fig. 2.
It is obvious that an increase in the reflectivity slope becomes

Fig. 2. Reflectivity spectra of typical dichroic coating of the fiber. The current
design had 21 layers of ZrO and SiO . The variation in the spectral response
may originate from small air gaps between the coated fiber and the matched
fiber end.

Fig. 3. Passively mode-locked ytterbium fiber laser using an integrated fiber
mirror.

progressively difficult to achieve for smaller offsets between
and .

In this study, we aim at a dichroic fiber mirror for an ytterbium
fiber laser that provides a low reflectivity at the pump wave-
length ( % at 980 nm) and reflectivity of % at
1040 nm that would ensure an acceptable output coupling. The
results of the mirror deposition are presented in Fig. 2. The evap-
oration process was found to be well controlled and allowed for
repeatable results. Since the thicker structures would not im-
prove the overall performance significantly, as expected from
numerical modeling, the number of layers was limited to 21–27.

IV. EXPERIMENTAL RESULTS

To take advantage of the fiber mirror in a pulse oscillator,
we have built a short ytterbium fiber laser in order to achieve
a high fundamental repetition rate. Fig. 3 shows the setup of the
mode-locked fiber laser.

The laser cavity comprises 8 cm of highly doped ytterbium
fiber with a dispersion of 0.025 ps /m. The PCF (details in [1])
with a dispersion of 0.025 ps /m and a length of 10 cm was
spliced to the ytterbium fiber to offset the net cavity dispersion
to the anomalous regime. The 980-nm pump light was launched
through a 980/1040-nm dichroic fiber coupler, as seen from
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Fig. 4. RF spectrum and scope trace of the pulse train indicate the repetition of
571 MHz corresponding to the fundamental frequency of the laser cavity. The
small structures between the pulses are caused by the ringing of the detecting
photodiode.

Fig. 3. The essential feature of this cavity defined by the dichroic
fiber mirror and semiconductor saturable absorber mirror is that
the pumping coupler could be positioned auxiliary to the cavity
which in turn allows for length reduction. The pump laser diode
provides up to 300 mW of power.

The resonant absorber mirror used in this study is similar
to the absorber described in [10]. It was fabricated using
solid-source molecular-beam epitaxy on n-type GaAs (100)
substrate. The sample had a bottom mirror comprising 30 pairs
of AlAs–GaAs quarter-wave layers forming a distributed
Bragg reflector (DBR). The DBR’s stopband had a center
wavelength of 1050 nm and approximately 120-nm bandwidth
(990–1110 nm). Throughout this study, we used quantum-well
absorber material that consisted of five InGaAs quantum
wells with 6-nm thickness and 16-nm GaAs barriers. The
quantum-well structure was sandwiched between a 100-nm
GaAs buffer layer and a 100-nm GaAs cap layer. The photo-
luminescence emission from the quantum wells was picked at
1045 nm. Finally, a postgrowth implantation with heavy ions
for decreasing absorber recovery time was applied.

The mode-locking was self-starting at a pump power of
150 mW. Measurements performed with an RF spectrum ana-
lyzer and a digital sampling oscilloscope revealed that the short
all-fiber cavity enabled a 571.03-MHz fundamental repetition
rate with an average power of up to 15 mW, as shown in Fig. 4.
To the best of our knowledge, this is the highest fundamental
repetition rate reported for an ytterbium fiber laser operating
around 1 m. The autocorrelation of a 572-fs pulses and corre-
sponding spectrum are shown in Fig. 5. The pulses are slightly
chirped in the output pigtail.

The higher repetition rate could be further increased by using
PCF doped with ytterbium that offers both gain and anomalous
dispersion [2] and hence would allow for shorter cavities.

Fig. 5. Interferometric autocorrelation of 572-fs pulse and mode-locked pulse
spectrum (inset).

V. CONCLUSION

The fabrication of a dichroic 980/1040 fiber end mirror as
an output coupler and pump combiner simultaneously has
been described. Such a configuration assembled with PCF for
dispersion compensation enables a 572-fs all-fiber laser with
a 571-MHz fundamental repetition rate, which is, to the best
of our knowledge, the highest frequency reported for 1- m
ytterbium fiber laser. We expect that dichroic fiber coatings
would simplify a number of laser systems and that the in-
creased repetition rate would be useful in high-speed chemical
reaction imaging, quasi-continuous-wave inspection systems,
high-speed micromachining, and two-photon microscopy.
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