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ABSTRACT
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High-power ultrafast lasers are novel tools with plenty of potential applications, especially in
materials processing. Fiber lasers, in particular, can fulfill the robustness, cost-efficiency and
high-average-power requirements of industrial operation. However, nonlinear effects such as self-
phase modulation and stimulated Raman scattering severely limit the peak power available di-
rectly from a normal fiber amplifier. The primary way to overcome these limitations is chirped
pulse amplification in which a weak seed pulse is first temporally stretched, then amplified, and
finally recompressed to ultrashort duration. Additionally, peak power can be scaled up by using an
active fiber with large effective mode area but that causes new difficulties in obtaining single-mode
beam quality. A simple technique to avoid those problems is to use a tapered double-clad fiber,
whose core size grows from standard single-mode dimensions to multiple times larger towards
the output while maintaining fundamental mode operation throughout.

This thesis describes a laser system design relying on both of these techniques, tapered
double-clad fiber and chirped pulse amplification, to generate high-peak power pulses at 1 um.
The laser system includes an experimentally built semiconductor saturable absorber mirror mode-
locked polarization maintaining fiber seed laser at 1040 nm and a numerically investigated ampli-
fier chain, including a tunable chirped fiber Bragg grating stretcher, a pulse picker, two single-
mode preamplifiers, a tapered power amplifier and a transmission grating compressor. The seed
laser’s ring cavity is based on numerous iterations of experimental testing with different intra-cavity
filters, fiber lengths and output coupling ratios to obtain a broad spectrum. The design of the rest
of the chirped pulse amplification system is based on practical experience with tapered fiber am-
plifiers and theoretical calculations. This thesis covers the choices and compromises relevant to
each element in the laser system in detail.

The numerical model developed for the dispersive elements and the fiber amplifiers combines
both rate equation simulations to compute gain and generalized nonlinear Schrédinger equation
simulations to handle ultrafast pulse propagation in optical fibers. Using that model, the seed
pulses are propagated sequentially through each component and fiber piece in the amplifier chain
and finally, through the compressor with the aim of maximizing peak power at the output. A
direct comparison to experimental results is still pending, but the model appears to give physically
sensible results in the limited cases where a comparison is possible to similar fiber amplifiers
tested in the past.

The main limitation of the developed chirped pulse amplification system is revealed by the
simulations to be self-phase modulation in the tapered power ampilifier, especially when combined
with the irregular pulse shape from stretching the experimental seed laser pulse. The resulting
complicated nonlinear phase shift cannot be properly compensated in the compressor, which
leads to strong side pulses. Using Gaussian seed pulses with 5.4 nm spectral width, the numerical
model predicts that the chirped pulse amplification system can generate 52 uJ, 480 fs pulses at a
B-integral of 12.4 rad.
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Ultranopeilla suurteholasereilla on monia potentiaalisia sovelluskohteita erityisesti materiaalin-
tydstdssa, jossa niiltd vaaditaan luotettavuutta, kustannustehokkuutta ja mahdollisimman suurta
keskiarvotehoa. Kaikkiin ndihin vaatimuksiin pystyvét vastaamaan varsinkin kuitulaserit. Suoraan
kuitulaserista tai -vahvistimesta saatavaa piikkitehoa rajoittavat kuitenkin ankarasti epéalineaariset
iimiét kuten itseisvaihnemodulaatio (self-phase modulation) ja stimuloitu Raman-sironta. Tarkein
menetelma naiden rajoitusten ohittamiseksi on venytettyjen pulssien vahvistustekniikka (chirped
pulse amplification), jossa sisdan tuleva heikko pulssi ensin venytetdan pidemmaksi aikatasos-
sa, sitten vahvistetaan ja lopulta kompressoidaan takaisin ultralyhyeen mittaansa. Taman lisak-
si piikkitehoa voi kasvattaa entisestdan kayttdmalla vahvistimessa moodin pinta-alaltaan suurta
valokuitua, mika kuitenkin vaikeuttaa yksimuotoisen séteenlaadun aikaansaamista. Yksinkertai-
nen tekniikka tAméan ongelman ratkaisemiseksi on paksuneva kaksivaippainen valokuitu (tapered
double-clad fiber), jonka ytimen koko kasvaa pituussuunnassa yksimuotokuidun mitoista monin-
kertaiseksi tultaessa ulostuloa kohti séteen séilyessa samalla taysin yksimuotoisena.

Tama diplomityd kuvailee lasersysteemin, joka hyddyntaa naitd molempia tekniikoita suuren
piikkitehon pulssien tuottamiseen 1 um aallonpituudella. Systeemi sisaltda kokeellisesti raken-
netun muotolukitun kuitulaserin 1040 nm aallonpituudella perustuen saturoituvasti absorboivaan
puolijohdepeiliin (SESAM) ja polarisaation sailyttaviin valokuituihin. Pulssien lahteend toimivan
laserin lisdksi systeemiin kuuluu numeerisilla simulaatioilla testattu kuituvahvistinketju siséltéen
saadettavan kuitu Braggin hila venyttdjan, nopean optisen kytkimen toistotaajuuden laskemiseen,
kaksi yksimuotokuituesivahvistinta, paksunevasta valokuidusta tehdyn tehovahvistimen seka |a-
paisyhilakompressorin. Kokeellisen laserldhteen rengaskaviteetin komponentit kuten kapea suo-
din (band pass filter), ulostulon suuruus ja kuitujen mitat on valittu kattavan kokeellisen testauksen
jalkeen levedspektristen pulssien tuottamiseksi. Vahvistinosan suunnitelma taas perustuu koke-
mukseen vastaavien vahvistinten kanssa tyéskentelysta seka teoreettisiin laskelmiin. Suunnitel-
massa tehdyt valinnat ja kompromissit kdydaan téssa tydssé yksityiskohtaisesti l1api.

Dispersiivisille komponenteille ja kuituvahvistimille kehitetty numeerinen malli yhdistda akiii-
vikuidun vahvistusta kuvaavat yhtélot ja yleistetyn epalineaarisen Schrddinger-yhtéldén pulssien
etenemisen kuvaamiseksi optisessa kuidussa. Mallia kayttéden pulssit kuljetetaan lasersysteemin
lapi komponentti ja kuitu kerraallaan tavoitteena maksimoida piikkiteho kompressoinnin jélkeen.
Mallin suora vertailu kokeellisiin mittauksiin ei ole vield ollut mahdollista, mutta malli antaa fysikaa-
lisesti jarkevid tuloksia niiltd osin kun ne ovat verrattavissa aiemmin testattuihin vastaavanlaisiin
kuituvahvistimiin.

Kuvatun venytettyjen pulssien vahvistusjarjestelman suurimmaksi rajoitteeksi paljastui simu-
laatioiden myota itseisvaihemodulaatio paksunevassa valokuidussa erityisesti yhdistettyna epa-
saannolliseen pulssin muotoon, joka saadaan venyttdmalla kokeellisen laserldhteen pulsseja.
Seurauksena olevaa monimutkaista epalineaarista vaihetta ei ole mahdollista kompensoida hi-
lakompressorissa, mik& nakyy voimakkaina sivupulsseina. Kayttdmalla Gaussista 1&htépulssia
5.4 nm spektrinleveydelld numeerinen malli ennustaa lasersysteemin pystyvan tuottamaan 52 pJ,
480fs pulsseja B-integraalin arvolla 12.4 rad.

Avainsanat: venytettyjen pulssien vahvistus, kuitulaser, ultralyhyet pulssit, paksuneva kaksivaip-
painen valokuitu

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1 INTRODUCTION

Consisting of a vast number of identical photons, a laser beam represents concentrated
energy in one of its purest forms. In space, this electromagnetic energy can be focused
into a tiny spot roughly the size of a wavelength while, in time, the width of an ultrashort
laser pulse can approach a single optical cycle. The resulting enormous local electric field
readily interacts with matter to break and reorganize even the strongest chemical bonds
[1], to drive numerous nonlinear transformations [2] and to probe events of extremely
short duration [3].

The field of ultrafast lasers, informally understood as lasers generating pulses of roughly
1 ps or shorter, that devises these incredible tools is flourishing with constant advances
reported in the achievable peak power and pulse width. Early ultrafast lasers were
severely limited because nonlinear effects, most importantly self-focusing, destabilized
the high-peak-power laser beam propagating in the amplifying medium. The solution to
this problem was presented in 1985 by Donna Strickland and Gerard Mourou [4] in the
form of the chirped pulse amplification (CPA) technique, for which they we were awarded
the Nobel Prize for Physics in 2018. The technique essentially involves stretching a weak
seed pulse dispersively, then passing the now lengthened pulse through the gain medium
where its peak power remains relatively low, and finally compressing the pulse to its origi-
nal duration by taking advantage of the relative coherence of its wavelength components.
Though a collection of additional techniques for scaling pulse energy have been intro-
duced [5, 6], CPA remains the standard workhorse of high-power ultrafast lasers.

Ultrafast lasers are also rapidly becoming more commonplace and practically useful de-
vices outside the academic laboratories, especially in materials processing. Ultrafast
laser processing has two main benefits compared to using CW or nanosecond-pulsed
lasers. First, ultrashort pulses allow for more precise and energy-efficient sculpting of the
material to generate micro- and even nano-scale structures with minimal heat-affected
zone [1, 7]. The physics behind the superiority of high-peak-power pulses lies in the
different interaction timescales of photons, electrons and phonons in the target material.
When a laser pulse strikes the work piece, its energy is first absorbed by electrons at
the very short femtosecond timescale of photon-electron interaction. However, it takes
typically at least 10 ps for the electrons to transfer their energy to the lattice via electron-
phonon collisions [7]. If the pulse duration is below this timescale of electron-phonon
interaction, sublimation of the material starts only after the whole pulse has been ab-
sorbed. This eliminates losses incurred with longer pulses or CW radiation due to scat-



tering or absorption of laser light in the plasma or vapor generated over the work piece.
The plasma then has time to disperse before the next pulse hits the material. Energy is
not lost to thermal diffusion either because the high peak power results in the target spot
sublimating before thermal diffusion into the surrounding material can take place. Fur-
thermore, the sublimated atoms carry the deposited energy away with them because the
phonon-phonon interactions are even slower than the electron-phonon interactions. This
minimizes the amount of melted material and the size of the heat-affected zone around
the processed area, enabling high-quality microstructuring even in metals with high ther-
mal conductivity. As a result, the affected minimal depth of material is determined only by
the optical, not thermal, penetration depth in the material, which is typically only tens of
nanometers for metals.

The second major benefit of ultrashort pulses involves processing of optically transparent
materials, such as glass and certain polymers. These materials do not normally ab-
sorb light, but the high intensities near the waist of a focused beam of ultrashort pulses
result in strong nonlinear multi-photon absorption. If this absorption results in a phase
change, three-dimensional structures can be written in transparent materials by chang-
ing the waist position with suitable beam delivery optics. The generated structures can
be smaller than the diffraction limit of light because the nonlinear absorption occurs only
in the narrow focal volume at the center of the beam where the optical intensity is at
its highest. Two-photon polymerization [1] is a representative application example that
demonstrates ultrafast laser processing of transparent materials.

To be successful in these kinds of practical applications, an ultrafast laser must not only
provide high-quality short energetic pulses but also be robust, reliable and cost-effective.
This calls for ultrafast fiber lasers, whose continuous wave (CW) counterparts already
dominate the industrial laser market in more traditional use cases. Compared to the
already established ultrafast bulk solid-state lasers, fiber lasers promise alignment-free
operation, easy thermal management [8] and the use of mass-producible components.
Performance-wise, fiber lasers excel at high-average-power operation, resulting in fast
processing time. However, fiber lasers have struggled with generating high-energy pulses
since the light has to propagate a long distance confined in the narrow core in the solid-
state glass medium, with nonlinear effects such as self-phase modulation (SPM) and
stimulated Raman scattering (SRS) severely limiting the achievable peak power [9].

Because of the numerous other advantages of using fiber lasers, several techniques
have been developed to increase the size of the propagating mode to reduce peak ir-
radiance inside the fiber, while also avoiding beam quality degradation associated with
multiple transverse mode operation. These techniques include standard large-mode-area
(LMA) fibers available at up to 30 um core diameters, where single-mode beam quality is
reached by suppressing the higher order modes with bend losses [10] or by carefully ex-
citing only the fundamental mode [11]. Chirally-coupled-core (CCC) fiber [12] is a different
approach that includes one or more helical side cores around the main core to couple out
the higher order modes and allows reaching single-mode operation in core sizes of over



50 um [13]. Being entirely solid state, chirally-coupled core fibers are splicing compatible
with standard fibers. Another effective technology is photonic crystal fiber (PCF) [14], the
large-pitch variant of which can reach single-mode beams from even >100 um core [15],
but the fiber then becomes a rigid rod. Because the PCF structure contains air holes that
would collapse during splicing, signal light must be coupled into the fiber in free-space,
which is sensitive to alignment, leading to a loss of many of the benefits associated with
normal fiber lasers.

The above-mentioned specialty fiber technologies have been used to demonstrate nu-
merous chirped-pulse amplification systems in the scientific literature. Zeludevigius et al.
[16] obtained 400fs, 50 uJ pulses at 100 kHz repetition rate at 1065 nm using a chirally-
coupled-core power amplifier with 33 um core diameter. Wan et al. [17] have demon-
strated both a 705fs, 0.85mJ, 1030 nm laser operating at 100 kHz using rod-type pho-
tonic crystal fiber with 100 um core diameter and a high-average-power 1.05 kW 69 MHz
laser whose output was compressible to 800fs pulse duration using commercial stan-
dard LMA fiber with 30 um core diameter as the final amplifier. While the authors of
[17] diverted only a fraction of the output beam for compression, Eidam et al. [18] have
reported a complete CPA system generating 830 W at 78 MHz after compression. The
compressed pulse duration was 640fs. The same group has also demonstrated a high-
pulse-energy CPA system [19] generating 2.2 mJ, 480fs pulses at 5 kHz repetition rate,
which translates to a 3.8 GW peak power. Both of their laser systems were based on PCF
power amplifiers.

Missing from the CPA system demonstrations is yet another specialty fiber technology,
tapered double-clad fibers (TDCF), which have been developed at Tampere University
[20] and are currently being commercialized by Ampliconyx Oy. Tapered double-clad
fibers resemble normal LMA fibers in that they are manufactured from similar preforms.
However, the diameter of a tapered fiber changes along its length, which gives it several
advantages over standard LMA fibers. The thin input end can be single-mode and thus
normally spliceable to a signal fiber without exciting higher-order modes. A tapered fiber’s
diameter grows slowly towards the output end where the core size can exceed that of
standard LMA or CCC fibers without compromising beam quality. Multimode pump light
can be conveniently coupled in from the thick end, so most of the amplification takes
place where the core size is large.

The target of this thesis was to design an ultrafast CPA fiber laser system based on a
tapered double-clad fiber amplifier for materials processing applications that could in the
future be refined into a commercial product. The work presented here consists of an
experimental part and a theoretical part based on numerical modelling. More specifically,
a mode-locked low-power fiber laser generating seed pulses for subsequent amplification
was realized experimentally, while the rest of the CPA system design was explored by
way of extensive numerical simulations, the results of which can be later used to guide
the building of the whole high-power ultrafast laser system in practice. The developed
simulation tools will also be of value in the future since they can be applied to other



setups besides the one described here.

This thesis is structured into five chapters including this Introduction. Chapter 2 covers
the theoretical background relevant to ultrafast fiber lasers and amplifiers and the chirped
pulse amplification technique. Chapter 3 presents the high-level design of the CPA sys-
tem studied in this thesis and the choices and compromises involved in arriving at the
design. The main results are then reported in Chapter 4, including experimental data for
the seed laser and simulation results for the rest of the laser system. Finally, Chapter 5
concludes the thesis with the main outcomes and possible future work related to this
research.



2 THEORY

Understanding a fiber-based chirped pulse amplification laser system requires extensive
theoretical background knowledge in optical fibers, fiber amplifiers, ultrashort pulses and
dispersive elements used to stretch and compress those pulses. This section aims to
provide that understanding in a concise way.

2.1 Optical fiber types in a fiber laser system

An optical fiber is a dielectric waveguide in the form of a long, thin strand of glass, typically
fused silica (amorphous SiO,). The most basic optical fiber has a small core surrounded
by a larger cladding, which has a lower refractive index than the core. The refractive
index difference can confine suitably launched light to propagate along the length of the
fiber inside the core. Intuitively, the wave guidance can be thought of as the result of
total internal reflection at the core-cladding boundary. The core diameters of most optical
fibers are of the same order of magnitude as the wavelength of the propagating light,
which means that the ray optics approach breaks down and diffraction must be taken into
account. While diffraction tries to expand the propagating beam of light, refraction at the
core-cladding boundary tries to keep the light in the core. For certain transverse distribu-
tions of electric field amplitude, diffraction and refraction balance each other out exactly
allowing such distributions to propagate in the fiber unchanged. These distributions are
known as the fiber modes, and the number of allowed modes and their shapes depend
on the structure of the fiber. Therefore, structural differences in the sizes and refractive
indexes of the core and the cladding(s) allow classifying optical fibers into single-mode,
large-mode-area, multi-mode and double-clad fibers.

Single-mode fibers support only one mode, the fundamental mode. A single-mode fiber
must fulfill the single-mode condition V' < 2.405 where the normalized frequency V' (also
known as V-parameter) is defined as

2 2
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where )\ is the wavelength of the propagating light, « is the core radius and the numer-
ical aperture NA = /n2 n?,, is defined by the refractive indexes of the core and
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the cladding. To fulfill the single-mode condition, a fiber must have a small core and/or



a low numerical aperture. Equation (2.1) also tells that increasing the wavelength de-
creases the V-parameter. Thus, each fiber has a so-called cut-off wavelength, which is
the shortest wavelength, at which the fiber is still single-mode. The cut-off wavelength of
a single-mode fiber must naturally be shorter than the intended wavelength of operation.

Single-mode fibers have several advantages that make them the most widely used sub-
class of optical fibers by a wide margin. First and foremost, the fundamental mode has
close to diffraction-limited beam quality making the output beam focusable into a tight
spot, which is a highly desirable property in laser systems. Additionally, the output beam
shape is independent of how light was launched into the fiber and does not deteriorate if
the fiber is bent, though poor launching conditions or excessive bending will cause a loss
of optical power. In pulsed applications, single-mode fibers avoid the problem of modal
dispersion where the pulse duration would increase due to different modes propagating
at different velocities.

On the other hand, single-mode fibers have several disadvantages. For example, they
cannot be used to guide radiation from low-brightness non-diffraction-limited sources ef-
fectively. In fiber lasers, the tight confinement of the fundamental mode in the small core
can give rise to excessive optical nonlinearity, restricting the use of single-mode fibers to
low-power fiber lasers and amplifiers. Overcoming these limitations necessitates the use
of fibers with larger cores, which violate the single-mode condition.

Multi-mode fibers are the opposite of single-mode fibers in that they typically support
hundreds of transverse modes. For this purpose, a multi-mode fiber must have a large
core, typically > 50 um in diameter and a high numerical aperture of > 0.15. It is easy to
launch light into a multi-mode fiber but the beam quality of a launched diffraction-limited
beam would suffer greatly since numerous modes would be excited at the fiber's input
and mode-coupling during propagation would change the mode content even further.
Therefore, the output beam quality of a typical multi-mode fiber is necessarily bad. How-
ever, multi-mode fibers are essential in fiber laser systems for pump power delivery from
high-power multi-mode laser diodes.

The middle ground between single-mode fibers and multi-mode fibers is occupied by the
so called large-mode-area fibers. They are designed for an increased cross-sectional
fundamental mode area, while aiming for close to single-mode beam quality at the same
time. Compared to strictly single-mode fibers, LMA fibers have larger cores typically up
to 30 um in diameter and lower numerical apertures. Though the decrease in numerical
aperture partly offsets the increase in core size, LMA fibers have V-numbers in excess of
2.405 and thus support a few higher order modes in addition to the fundamental mode.
Still, LMA fibers are capable of single-mode operation with proper handling. In particular,
this means launch conditions that excite only the fundamental mode. Additionally, the
fiber should be coiled with a suitable bend radius, which results in losses to the more
weakly guided higher-order modes while leaving the fundamental mode almost unaf-
fected. The lower the numerical aperture is, the more sensitive the fiber modes are to
bend losses and the easier it is to obtain good beam quality. However, bend losses can



make the fundamental mode lossy as well, which sets a lower acceptable limit to bend ra-
dius. The fabrication of LMA fibers also requires careful control of refractive indexes in the
core and cladding because the fundamental mode is very sensitive to random refractive
index fluctuations caused by imperfections when the numerical aperture is low. There-
fore, such fibers are considerably more expensive than more traditional single-mode or
multi-mode fibers.

Active fibers contain laser-active ions in their core and can amplify optical signals when
the ions are excited to a suitable metastable energy level with an optical pump beam.
Their basic geometry can be that of a single-mode, multi-mode or LMA fiber but the choice
between single-mode and multi-mode pump sources separates them additionally into
single-clad (= core-pumped) and double-clad (= cladding-pumped) fibers. In a single-clad
active fiber, the pump beam propagates in the core together with the ampilified signal and
must therefore also be diffraction-limited if the core is single-mode. In contrast, a double-
clad fiber contains a second inner cladding around the core, which acts as a waveguide
for the pump radiation. The outer cladding that confines the pump beam is typically made
of either low-index polymer or fluorine-doped glass resulting in a pump NA of at most
0.48. The maximum diffraction-limited output power from a semiconductor laser diode is
approximately 1 W, which limits the operation of core-pumped fiber lasers and amplifiers
to low average powers. High-power operation requires double-clad active fibers, which
can be pumped by powerful multi-mode pump diodes. Double-clad fiber amplifiers are
said to work as brightness converters since they transform the low-brightness pump light
into diffraction-limited signal beam.

The fiber geometry also affects its polarization properties. In an ideal single-mode fiber,
the core supports two polarization modes which, in theory, propagate independently at
the same phase velocity in the absence of any birefringence. However, a real fiber ex-
hibits weak residual birefringence resulting from stresses in the glass material. Addition-
ally, the birefringence can vary unpredictably due to external factors, such as bending and
temperature changes. This leads to coupling of the two polarization modes, essentially
randomizing the output polarization [21].

However, many laser systems benefit from stable, linear output polarization. From the
end user’s perspective, linear polarization is required for coherent interactions such as
nonlinear frequency-doubling. In materials processing, stable linear p-polarization al-
lows maximal energy transfer to the work piece when the beam is incident at close to
Brewster’s angle, while unstable polarization would lead to large fluctuations in absorbed
power. From a laser manufacturer’s perspective, problems caused by unpredictable po-
larization state are equally easy to identify. For example, mode-locked fiber lasers are
very sensitive to polarization changes caused by environmental disturbances leading to
fluctuations of both the pulse duration and the spectrum. Additionally, many optical com-
ponents have considerable polarization-dependent losses or phase retardation. For in-
stance, acousto-optic modulators contain a birefringent crystal, which can act as a high
order waveplate, while diffraction gratings typically exhibit large losses when the polar-



ization vector is not aligned with the grating grooves and both components are therefore
best used with correctly oriented linear polarization.

All these challenges can be overcome by making the whole laser system to operate in a
single well-defined polarization state. In a fiber laser, this requires the exclusive use of
special polarization maintaining (PM) fibers, which can preserve an input linear polariza-
tion of the fundamental mode by breaking the fiber’'s circular symmetry for example by
adding so called stress rods on both sides of the core. The stress rods are made of glass
with a different thermal expansion coefficient from the rest of the material, which creates
"frozen-in" stress in the fiber during its fabrication. The stress makes the fiber's core
slightly birefringent by the photo-elastic effect. The birefringence mostly prevents cou-
pling between the two polarization modes so the input polarization is preserved if light is
launched into the fiber with polarization matching one of those modes (in the plane of the
rods or perpendicular to it). For an arbitrary input polarization state, a PM fiber acts as a
long waveplate and the output polarization will be unpredictable. For this reason, joining
two PM fibers together requires careful alignment of the stress rods by rotating the fibers.

2.2 Fundamental fiber mode

The balance of diffraction and refraction gives rise to a finite number of modes or fixed
electric field amplitude distributions that can propagate in the core of an optical fiber.
Many fiber lasers and amplifiers are based on single-transverse-mode operation, in which
the fiber only supports the lowest order fundamental LPyy mode or if higher-order modes
are allowed, they are suppressed by selective excitation at the fiber’s input, by bending
or by some other means. Ultrafast lasers aim to generate as high peak intensities as
possible, which requires concentrating the laser pulse’s energy both in time and in space.
As the fundamental fiber mode closely matches a free space Gaussian beam and thus
possesses the best achievable focusability, ultrafast fiber lasers almost always aim for
single-transverse mode operation. Therefore, understanding only the fundamental fiber
mode is often a sufficient starting point for the mathematical description of ultrafast fiber
lasers. This section covers the basic properties of the LPy; mode based on the theory of
weakly-guiding step-index fibers.

The radially symmetric fundamental mode is characterized by its normalized transverse
intensity distribution i(r) and its propagation constant 5. In principle, these are found
starting from Maxwell’s equations and solving the resulting Helmholtz equation in cylin-
drical coordinates with the boundary conditions imposed by the fiber's waveguide struc-
ture. Since this derivation is well documented elsewhere [22, 23], it makes sense to only
present and discuss the end result for the fundamental mode here.

The shape of the fundamental mode resembles and is commonly approximated as a
Gaussian. However, the actual functional form is based on Bessel functions and given in
eq. (2.2).
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where a is the core radius of the fiber, Jy; are Bessel functions of the first kind, Ko 1
are modified Bessel functions of the second kind, V' is the normalized frequency or V-
parameter introduced in eq. 2.1. v and u are dimensionless convenience parameters
defined as

U= ay/ B? — kgmd (2.3)
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which satisfy the relation

v? 4+ u? = V2 (2.4)

in which k.oe = ancm and k.gq = Z{nclad are the wavenumbers in the core and the
cladding, respectively, at the wavelength of interest \. Equation (2.2) can be used to
calculate the mode shape in a specific fiber at a specific wavelength by requiring that
i(r) be continuous at the core-cladding boundary » = a. One way to do that is to take
the propagation constant § as a variable and solve for a 5y between k... and k.4 that
fulfills the continuity criterion. When there are multiple solutions (corresponding to higher
order radially symmetric LPo, modes), the largest propagation constant is the correct
solution for the fundamental mode, which resides mostly in the core and thus has the
highest effective refractive index. Alternatively, either u or v could be directly taken as the
variable (with the other one calculated from eq. (2.4)) and then solved similarly. This way,
the mode shape can be found without knowing the exact refractive indexes of the core
and the cladding; only the numerical aperture NA = /n2,,.. — n%,, is needed. Thus the

mode shape, unlike the propagation constant, does not depend on the absolute refractive
indexes.

Three parameters determine the mode shape: the core radius and the numerical aperture
of the fiber and the wavelength of the propagating light. The operation wavelength of a
fiber laser or amplifier is typically fixed by the intended application, leaving the fiber’'s
core size and NA as free design parameters. The choice of these parameters is further
limited by the requirement to keep the fiber single-mode. For that purpose, the numerical
aperture and core radius must be small enough to fulfill the single-mode condition V' <
2.405. Any increase in core size must therefore be coupled with a proportional decrease in
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NA to maintain near-diffraction-limited beam quality. In LMA fibers, which are not strictly
single-mode, minimizing the number of supported modes is still important for good output
beam quality.

Like the intensity distribution, the propagation constant 5 is also wavelength-dependent,
both through egs. (2.1)—(2.3) and through the wavelength-dependence of the refractive
indexes, meaning that different wavelengths propagate at different phase velocities. This
gives rise to dispersion, which is of utmost importance in the propagation of ultrashort
pulses in optical fibers and will be discussed in greater detail in section 2.6.2.

The fundamental mode shape affects the operation of fiber amplifiers in two ways. First,
the overlap between the mode and the core determines how strongly the mode interacts
with the laser active ions in the core. The overlap T" of the fundamental mode with a core
of radius a can be integrated as

I'=2n /Oai(r)rdr (2.5)

Possible values of T" range from 0 (mode completely outside the core) to 1 (mode com-
pletely inside the core). Increasing either the numerical aperture or the core radius con-
fines the mode more tightly in the core, resulting in a larger overlap. In some special
fibers, the laser active ions can be located outside the core, in which case the overlap
must be explicitly calculated between the mode and the actual ion distribution, but the
importance of the mode shape is equally true. The discussion of gain and absorption in
active fibers in section 2.4 will make extensive use of the overlap T".

The second reason why understanding the mode shape is crucial is because it affects the
peak irradiance and the onset of nonlinear effects at high powers. The more spread-out
the mode is, the higher power can propagate in the fiber without significant nonlinearity.
The "spread-outness” is quantified as the effective mode area A.¢. For an arbitrary mode
with a transverse electric field distribution F'(z,y) it is defined as

2
[// F(z,y)|*dzdy
// (z,y)] 4d:cdy

This equation can be simplified for any radially symmetric mode, such as the fundamental
mode, to

Aeff
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where i(r) is the transverse modal intensity distribution introduced earlier. Increasing the
core size and decreasing the numerical aperture enlarges the effective area, weakening
nonlinear effects.

Aeg = 27 (2.7)

The fiber mode is a very useful abstraction since it allows treating the propagation of light
in optical fibers as a purely one-dimensional problem. The following sections take full
advantage of this fact.

2.3 Active fiber as gain medium

Light amplification in optical fibers is based on laser-active trivalent rare-earth ions in
the core where they can interact with the propagating light. Such a fiber, referred to as
either a rare-earth-doped optical fiber or simply active fiber, can store energy in the form
of electronic excitation. Energy can be deposited by promoting the ions to a metastable
energy level with an optical pump beam at a wavelength that the ions can absorb. This
energy can then be released to amplify a signal beam at a longer wavelength. This
section discusses the properties of optical fibers as gain media and is roughly divided
into two parts. The first part examines the unique advantages of the fiber geometry
compared to other gain media, which have led to a great proliferation of fiber lasers in
practical applications. The second part covers the spectroscopy of the laser active ions
used in light-amplifying optical fibers.

In a sense, an active fiber is an optically pumped solid-state laser medium like any crys-
talline laser rod or disk. However, the long and thin geometry and the built-in waveguide
structure set active fibers apart from their more traditional counterparts in multiple ways
[24]. First, the strong interaction between the light and the rare-earth ions, caused by
high optical irradiance in the small core, facilitates a high optical-to-optical conversion
efficiency from pump to signal power with reduced waste heat generation. Thanks to
the fibers’ favorable surface-to-volume ratio, the generated heat is also easily dissipated.
Consequently, fiber lasers and amplifiers do not suffer from thermal lensing, which is a
major obstacle in traditional solid-state lasers, until at very high average powers. The ab-
sence of thermal lensing decouples the output beam shape from the average power level
enabling the generation of high-power near-diffraction-limited beams. For the same rea-
son, the cavity of a high-power fiber laser, unlike that of a bulk solid-state laser, does not
require meticulous optimization for a specific output power level. The long propagation
length in an active fiber is also beneficial by making large single-pass gains of tens of dB
possible. This further favors the use of active fibers as traveling-wave optical amplifiers.



12

The waveguide nature of active fibers brings them several practical advantages not di-
rectly related to the physics of the gain medium but still definitely worth mentioning. First,
most active fibers can be conveniently end-pumped with cost-efficient laser diodes. Sec-
ond, there is a large selection of standard-sized fibers and fiber-coupled components
available commercially owing to the growth of both the fiber laser and the optical telecom-
munication markets. As fibers can be joined together with low losses using fusion splicing,
the above-mentioned advantages have enabled the building of compact, monolithic and
totally alignment-free fiber laser devices.

Having discussed the geometrical aspects of active fibers, we now turn our attention to
the rare-earth laser-active ions and their spectroscopic properties. In the periodic table of
elements, the rare-earth elements used in active fibers are found among the lanthanide
series. As trivalent ions, these elements have partly filled 4f shells, whose wave functions
are localized closer to the core than the filled 5s and 5p shells and thus partly shielded
from outside influence [25]. For this reason, optical transitions with multiple relatively nar-
row absorption and emission bands at wavelengths from UV to IR can occur between the
4f electronic states. Because the 4f-4f transitions are also electric dipole forbidden [26],
the metastable states in rare-earth ions have long lifetimes from hundreds of microsec-
onds up to the 10 ms lifetime in Er®*, which makes rare-earth-doped glasses excellent
energy storage media.

The exact absorption and emission spectra of rare-earth ions are determined by the split-
ting of the 4f states through interaction with the ion’s other electrons and to a lesser ex-
tent with the host material ions (=crystal field). The dominant effect of atomic interactions
dictates the transition wavelengths of a certain rare-earth element, which are therefore
relatively independent of the host material. The weaker interaction with the crystal field,
referred to as Stark splitting, then affects the finer features such as relative strengths and
widths of the absorption and emission peaks. The resulting continuous energy bands are
called Stark level manifolds.

The three most commonly used rare-earth elements in fiber laser technology are erbium,
thulium and ytterbium, all of which have prominent transitions in the near-infrared re-
gion. Yb3* ions emit light at around 980-1100 nm, Er3* ions at around 1525-1610 nm and
Tm3* jons at around 1800-2100 nm. Erbium-doped fibers are used in telecommunications
because the emission band coincides with the loss minimum of optical fibers at 1.55 um.
Thulium-doped fibers are used especially in eye-safe laser applications because the laser
radiation at 2 um is absorbed by water and cannot reach the retina. Ytterbium-doped fiber
lasers and amplifiers hold the current high-power performance records owing to the many
advantages of the Yb:silica gain medium. For this reason, the laser system designed in
this thesis uses ytterbium-doped fibers as well. The advantages and the spectroscopy of
Yb3*:silica are covered next in more detail.

The first major advantage of ytterbium over the alternative laser-active ions is its simple
energy band structure comprising only two Stark level manifolds. The lack of higher-
lying energy levels prevents excited state absorption, which can be a significant loss
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Figure 2.1. The Yb3* energy level structure after [27] with some transitions indicated.

mechanism in other types of active fibers. The energy level structure of Yb%*:silica is
shown in fig. 2.1. The lower manifold 2F7/2 contains four sublevels and the upper manifold
2F5/2 three sublevels. However, the energies of these sublevels are broadened due to
Stark splitting, giving raise to continuous absorption and emission spectra because the
ions are embedded in the host glass material. As a result, there are multiple transitions
that can lead to the absorption or emission of a photon at a specific wavelength.

Keeping track of all these transitions individually is unfeasible, which necessitates the use
of the so-called effective transition cross sections in the mathematical description of active
fibers. Effective transition cross sections are a theoretical abstraction that incorporates
and averages over all the sublevels, their degeneracies and thermal populations that con-
tribute to the laser transition at a certain wavelength to express the transition probability
as a single number. Effective transition cross sections are a property of the rare-earth ion
and the host material at a certain temperature. They are experimental data usually re-
ported in academic papers or given by active fiber manufacturers. The importance of the
thermal populations of ions requires the usually valid assumption that rapid non-radiative
thermalization within the sublevels keeps them in thermal equilibrium despite the optical
transitions between the manifolds. Unsurprisingly, the most probable transitions with the
largest effective cross sections are the ones originating from the lowest sublevels, which
have the largest thermal populations.

The use of effective transition cross sections and the simple energy band structure allow
modelling the Yb3* ion excitation as a two-level system where the effective absorption
cross sections describe the transition probabilities from the lower to the upper level and
the effective emission cross sections describe the reverse stimulated emission process.
Figure 2.2 shows the effective absorption and emission cross sections for Yb3+:silica at
room temperature. Based on the spectra, possible pump wavelengths where the fiber can
absorb range roughly from 840 nm to 1060 nm and possible emission wavelengths from
900 nm to 1200 nm. The choice of both pump and signal wavelengths will be reviewed
shortly.

First however, it is instructive to discuss the nature of the Yb:silica gain medium in respect
to the common classification of three- and four-level systems. In a three-level system, the
lower laser level is the ground state and population inversion is reached only when over
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Figure 2.2. Smoothed fit to Yb3* :silica absorption and emission cross sections obtained
from Nufern [28].

50 % of the ions are pumped to the upper laser level. In a four-level system, in con-
trast, the thermal population in the lower laser level is practically zero, so even minimal
pumping leads to population inversion. Yb:silica is classified as a quasi-three-level gain
medium, showing characteristics of both three- and four-level systems depending on the
absorption and emission wavelengths. For laser operation at 976 nm, the effective ab-
sorption and emission cross sections are equal and Yb:silica behaves essentially as a
three-level system. For laser operation at >1060 nm, signal absorption is almost zero,
making Yb:silica effectively a four-level system. At the intermediate wavelengths, there is
some thermal population at the lower laser level, leading to weak absorption and opera-
tion in between three- and four-level systems.

Another essential concept for understanding the choice of pump and signal wavelengths
is the quantum defect, which is the difference between the energies of the pump and
signal photons. Quantum defect sets the theoretical limit for power conversion efficiency
from pump to signal in the ideal case where each pump photon is transformed into a sig-
nal photon. In other words, quantum defect is a measure of how much waste heat is nec-
essarily generated when using a specific pair of pump and signal wavelengths. Therefore,
the minimization of the quantum defect should be one factor considered when choosing
the operation wavelengths. Fortunately, Yb:silica is a highly efficient gain medium based
on its low quantum defect. For example, when pumped at 980 nm with a signal wave-
length of 1030 nm, the quantum defect is only about 5 % of the pump photon energy.

In addition to quantum defect, the inherent broadband noise in fiber amplifiers, caused
by amplified spontaneous emission (ASE), also plays a role in how far apart the pump
and signal wavelengths can realistically be. The origin of ASE is easy to grasp. Any
ions excited to the upper Stark level manifold can undergo spontaneous emission by
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emitting a photon with a random phase in a random direction. Some of the spontaneously
emitted photons are captured by the fiber core and start to propagate towards either end
of the fiber. These photons can then induce stimulated emission in other excited ions,
depleting excitation in the fiber while the noise gets amplified, hence the name amplified
spontaneous emission. ASE effectively limits the maximum gain of even well-designed
fiber amplifiers to about 30-50dB because, after a certain point, increasing the pump
power will only increase the ASE output power without raising the inversion in the fiber.
The ASE spectrum follows the emission spectrum of the fiber with the natural restriction
that ASE is only generated at longer wavelengths than the pump beam. Therefore, to
suppress excessive ASE, the pump wavelength should be chosen close to the signal
wavelength.

Now armed with the useful concepts of three- and four-level systems, quantum defect and
ASE, itis possible to discuss the choice of pump and signal wavelengths in Yb-doped fiber
lasers and amplifiers while also taking into account the spectral shapes of absorption
and emission in fig. 2.2. In terms of pumping, there are two absorption maxima to be
considered: a weaker but broader peak at around 915nm and a stronger, sharper peak
at 976 nm. Both two pump wavelengths have their own advantages and disadvantages. A
clear benefit of 915 nm pumping is the negligible emission cross section at 915 nm, which
means that the pump beam can potentially excite all the ions into the upper energy level.
Moreover, the broadness of the 915 nm absorption peak makes the absorption insensitive
to slight changes in pump wavelength allowing the use of cheaper pump diodes without
wavelength stabilization. If the wavelength of the signal to be amplified lies within the
976 nm peak, 915 nm pumping must obviously be used. However, if the signal has a
longer wavelength, such as 1030 nm or more, pumping at 976 nm might be preferable.
This decreases the quantum defect and avoids strong ASE at 976 nm caused by 915 nm
pumping. Even more importantly, the effective absorption cross section at 976 nm is 2.5
to 3 times larger than at 915 nm, which allows all the pump to be absorbed in a much
shorter length of fiber. Unfortunately, stable operation with 976 nm pumping typically
requires wavelength-stabilized laser diodes since a drift in pump wavelength of only a
few nanometers in either direction would cause a major drop in absorption. Enhanced
pump absorption is particularly important in double-clad active fibers, whose absorption
is lowered due to the multimode pump beam’s reduced overlap with the core.

As for signal wavelength, ultrafast Yb-doped fiber lasers and amplifiers are typically op-
erated at 1030-1040 nm because of the broad gain bandwidth in that region, which can
support pulses as short as 100fs and because the effective emission cross sections
at those wavelengths are also quite high so the fiber length can be kept short to avoid
dispersion and nonlinearity. Such lasers, like the one designed in this thesis, can be
conveniently and efficiently pumped at 976 nm. The pumping must be strong enough to
overcome the still sizable absorption at 1030-1040 nm.
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2.4 Rate equation model of a fiber amplifier

The basic operation of a fiber amplifier or laser can be mathematically described using
a system of differential equations for the optical power propagation and the excitation of
the laser active ions [29]. The differential equations for an active fiber are mostly similar
to those of a traditional solid-state laser but they must take into account the waveguide
geometry of the fiber, which has two consequences. First, only the part of the mode that
resides inside the core can interact with the laser active ions. Second, since the fiber
can be rather long, the excitation and, consequently, gain and absorption vary strongly
along its length. Exactly these reasons also make it difficult to predict accurately how a
fiber amplifier will operate even in steady state without solving the system of differential
equations, which must be done numerically in most cases. Therefore, when designing a
fiber amplifier, simulations based on such a differential equation model can be invaluable
as they allow optimizing the type and length of active fiber used, the required pump
and signal input powers as well as the noise properties of the amplifier. Ideally all the
spectroscopic and geometric parameters of the fiber(s) should be known beforehand,
which can be difficult since fiber manufacturers do not always provide such data. This
section aims to provide the basic background, including both physical and computational
considerations, for understanding such simulations.

Before presenting the equations, a few words must be said on the assumptions built into
the differential equation model and the applicability of the model for pulsed signals. A
very important aspect is that the rate equation model is based on power propagation
only and thus excludes the phase of the optical field. The lack of phase information is
typically irrelevant for cases with continuous wave inputs. Long pulses from milliseconds
down to nanoseconds can also be handled in the model by variation of power only since
such relatively slow modulation does not affect the spectrum of the signal appreciably.
However, at a first glance, this limitation appears to preclude the simulation of ultrafast
fiber amplifiers because phase is absolutely required to describe ultrashort pulses. Fortu-
nately, the phase-related effects, dispersion and nonlinear phenomena, are usually kept
at a minimum in a well-designed ultrafast optical amplifier. If that is the case, the ultrafast
pulse train can be approximated by a CW signal of an equal average power without a
significant loss of accuracy. Another requirement is that the repetition rate is much higher
than the inverse of the upper state lifetime of the laser active ions, in Yb-doped fibers
>10kHz. This condition is practically always true for ultrafast pulse trains in fiber ampli-
fiers because otherwise either the average power would be negligible or the peak power
enormous and cause strong nonlinearity.

Apart from the lack of phase information, there is substantial freedom in what physical
phenomena to include in or exclude from the differential equations. For example, the
model of the laser active ions can in principle be arbitrarily complex with a multitude of
different ion species, energy levels and radiative and non-radiative transitions. The model
of the interaction between the ions and the propagating optical power must necessarily
include at least the three basic processes: absorption, stimulated emission and spon-
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taneous emission. Other phenomena such as Rayleigh scattering or Raman scattering
can be added in simple forms if deemed important. It is also possible to create a full
multiphysics model of an active fiber by incorporating thermal and strain effects which
are coupled to the optical properties. In the following, the ion population is modelled with
a two-level system with effective transition cross sections because of the simple energy
level structure of Yb3* ions and the scattering and multiphysics effects are omitted for
simplicity.

An essential part of the model is that all light propagating in the fiber is divided into so
called optical channels characterized by their wavelength (or frequency), bandwidth, in-
put power and propagation direction (forward or backward). Any broadband signals with
bandwidths can be broken into several channels if necessary, depending on how sharply
gain and absorption vary around the channel’s center wavelength. The power propaga-
tion of a single channel is then described by the following partial differential equation (a
one-way wave equation):

OP(z,t) n 10P(2,t)
0z v Ot
FocNa(z,t)P(2,t) —TogNi(z,t)P(z,t) — IP(2,t) + 2I'0e Na(z, t)hvAv  (2.8)

where Ny and N; are the ion populations in the upper and lower energy levels and all the
constants and the optical power P(z,t) are properties of the specific channel. v is the
speed of light in the fiber, I" is the overlap integral from eq. 2.5, 0. and o, are the effective
emission and absorption cross sections, [ is the background loss, hv is the photon energy
and Auw is the frequency bandwidth. The light propagates in the direction of the z-axis.

In a steady state, the time derivative on the left-hand side vanishes, and eq. (2.8) is
reduced to an ordinary differential equation. The first term on the right-hand side refers
to increase in power via stimulated emission by the laser active ions. The second term
is similarly loss to absorption by the laser active ions. The third term contains all other
sources of propagation loss in the fiber. The final term describes spontaneous emission
due to the laser active ions that is not proportional to the existing power. The factor two in
the spontaneous emission term is due to the two polarization modes that are supported
by a single-mode fiber. Spontaneous emission can usually be neglected for narrowband
signals but is otherwise essential as the source of wideband ASE.

Equation (2.8) can be simplified by using three other parameters: the total doping con-
centration Ny = N; + Ny and the Giles parameters for gain g* and absorption « [29].

g* =ToeN;
a=To,N;
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g* and «a represent the maximum possible values for gain and absorption since they
assume that all the ions are on the starting energy level of the optical transition, which
is the upper energy level for gain and the lower energy level for absorption. The overlap
integral T" is used here as a geometric correction coefficient which gives the fraction of
optical power propagating in the core. A major benefit of ¢g* and « is that they are easier
to measure experimentally than the cross sections. With the three constants, it is possible
to eliminate the lower level population Ny, the cross sections and the overlap integral T’
from eq. (2.8), resulting in the following equation

OP(z,t) n 10P(z,t)

- Na(z,t)
0z v Ot

)hVAV
(2.10)

Na(z,1)
P _ *
N, (z,t) — [+ 1]P(z,t) + 29 N,

The second type of equation required for the description of a fiber amplifier is the rate
equation for the laser active ions:

dNa(z,t) Py(z,1) o No(z,t
Tt =St (e MR ) w2

where A is the cross-sectional area of the fiber core, 7 is the lifetime of the excited state
and k refers to summation over all the optical channels propagating in the fiber. The term
?j:j) can be interpreted as the photon flux (unit 222%) often used in laser rate equation
models. In a realistic case, the model can comprise hundreds of optical channels requir-
ing an equal number of power propagation equations (eq. 2.10) while, in contrast, there
is only one rate equation for each of the ions’ excited energy levels. The ground state
population can always be eliminated using the total doping concentration as was done
above. In a steady state, the left-hand side of eq. (2.11) vanishes and the differential
equation is reduced to an algebraic equation, from which the fractional excitation N2(Z)

can be solved as

Pr(2)ay
Ny(z) _ 2 hvg(

N 143, Pk(z}lfikg+ gr)

(2.12)

where the saturation parameter ( = AN, /7 [29]. All the parameters in eq. (2.12) are
non-negative and the numerator is clearly smaller than the denominator on the right hand
side. This means, logically, that the fractional excitation is always between 0 and 1.
Propagating light with large «;, and small g; get absorbed and builds up excitation while
channels with large g; and small o, stimulate emission, thus depleting excitation.
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Unfortunately, eq. (2.12) is still coupled to eq. (2.10) so that the excitation cannot be
calculated before the optical power evolution along the fiber is known but, on the other
hand, the power cannot be integrated from eq. (2.10) either without knowing the exci-
tation first. Consequently, an iterative procedure is needed to find the solution to these
equations, which mathematically constitute a one-dimensional boundary-value problem.
The boundary values are the input powers of the channels, some of them known on the
"left" and some on the "right" the end of the fiber depending on their propagation direc-
tions. When the boundary values and the constants are known, the system of differential
equations can then be solved numerically using either a shooting method or a relax-
ation method. The mathematical details of these algorithms are beyond the scope of this
thesis but both involve guessing the unknown values of the dependent variable (optical
power) and somehow refining the guess until the calculated boundary values are within
a required error tolerance from the known boundary values.

In the time-dynamic case, solving the differential equations is conceptually more straight-
forward than in the steady state because no initial guesses are needed. The excita-
tion and optical powers simply start from a known state, which is typically zero, and are
stepped forward in time using some finite-difference method. The difficulty lies in the vast
difference in time scales between propagation of light through the fiber (nanoseconds)
to the excited state lifetime of up to milliseconds. Thus, an enormous number of small
time steps is required to build up ion excitation starting from zero, making time-dynamic
algorithms orders of magnitude slower than steady-state ones. Therefore, a steady state
algorithm is preferable whenever the amplifier’s transient behavior is unimportant and the
inputs can be approximated as continuous-wave signals.

To solve the system of differential equations numerically, space (and possibly time in case
of time-dependent inputs) must be discretized. In practice, the fiber is divided into N slices
of equal size along its length with each optical channel and the ion excitation having a
constant value within each slice. The number of required slices depends mainly on two
things: the maximum slopes (%) of the optical powers and the order of the numerical
integration scheme. Very strong gain or absorption in a short length of fiber generally
requires closely spaced slices for the numerical solution to follow the exponential function
accurately, while fewer points are enough to describe slower changes in optical power.
Similarly, a high-order algorithm, which evaluates numerical derivatives with high preci-
sion, requires substantially fewer points than the simple Euler method.

2.5 Ultrashort pulses

At the center of this thesis is the generation, shaping and amplification of ultrashort optical
pulses. This section aims to briefly review the relevant theory of ultrashort pulses, starting
with their qualitative properties followed by a mathematical description.
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2.5.1 Qualitative description

Ultrashort optical pulses are wave-packets of electromagnetic energy ranging from pi-
coseconds down to hundreds or tens of attoseconds in duration. Even though the term
"ultrashort" lacks an official definition, there are some characteristics that distinguish ul-
trashort pulses from merely short pulses or continuous-wave radiation. Consequently, dif-
ferent physical phenomena must be taken into account when describing ultrashort pulse
propagation in solid state media or their interaction with optical components such as
diffraction gratings.

First, ultrashort pulses have a broad spectral bandwidth compared to CW lasers or atomic
line light sources, such as low-pressure sodium lamps. Furthermore, these spectral com-
ponents must have a fixed phase relationship that is absent from broadband thermal light.
In time-domain, the different wavelengths being in phase gives rise to constructive inter-
ference manifested as an optical pulse. The pulse duration is inversely proportional to
the spectral width when the spectral components are fully in phase. For example, a pulse
with a 1 nm wavelength bandwidth at 1 um has a minimum duration of roughly 1/300 GHz
= 3.3ps because a 1nm wavelength bandwidth corresponds to a 300 GHz frequency
bandwidth. The broadband spectrum means that ultrashort pulses are subject to disper-
sive effects, when the optical path length (or phase retardation) in an optical system is
frequency-dependent. The dispersive effects can alter the pulse duration and the pulse’s
temporal shape in general.

Because an ultrashort pulse’s spectral energy is concentrated within a narrow time win-
dow, the peak power can become very high, which is equivalent to a strong electric field
amplitude and high intensity if the light is spatially confined to a small cross-sectional
area. At high enough intensities, the polarization induced by the pulse in the material
through which it propagates no longer depends linearly on the polarizing field. The re-
sulting nonlinear optical effects generate new frequencies and in so doing can broaden
and distort the spectrum of the pulse. At even higher intensity levels, normally transpar-
ent materials such as glass start to absorb the laser radiation via multiphoton absorption
which can lead to the destruction of the material. Therefore, nonlinear effects usually limit
the peak power of ultrashort pulses in some way.

2.5.2 Mathematical description

In the general case, ultrashort pulses can be described by their magnetic and electric
field components (H (r,t), E(r,t)) whose evolution is governed by Maxwell’s equations.
However, this description is mathematically cumbersome, obstructs physical insights from
view and is not conducive to use in efficient numerical simulations. For these reasons,
several standard approximations are normally made to simplify the mathematics of ultra-
short laser pulses in optical fibers.

This thesis adopts the conventional description of ultrashort pulses as the product of a
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sinusoidal carrier wave and an envelope function. This description requires the slowly
varying envelope approximation, which states that the envelope must vary only a little
over one cycle of the carrier wave. The approximation is valid when the pulse duration is
much longer than a single optical cycle; a condition well satisfied by all but the shortest
pulses because the cycle duration is only a few femtoseconds. As the starting point, this
thesis takes the expression for the real electric field &(r, t) by Agrawal [23], which already
includes terms arising from the waveguiding properties of optical fibers:

Er,t) = %;n (F(2, ) Az, 1) exp i (Boz — wot)] + c.c.} (2.13)

This expression describes a pulse propagating to positive z-direction. The pulse is lin-
early polarized with the polarization unit vector 2 pointing to x-direction. After this point,
the polarization vector will be dropped, and a scalar form of the equation is used. The
scalar approximation is usually made to simplify the mathematics even when there are
two orthogonal polarization components. In this thesis, the whole laser system design
is made of polarization-maintaining fibers, so the scalar equation is totally valid if we
ignore the small amount of power (typically around 1 %) that leaks into the orthogonal
polarization mode.

The second term F(x,y) is the transverse spatial distribution of the pulse. For a pulse
propagating in a single-mode optical fiber, this distribution is the fundamental fiber mode
whose shape only depends on the fiber geometry, core radius and numerical aperture
and not on z or t. For pulses in free space on the other hand, the transverse distribution
would evolve during propagation due to diffraction. Because F'(z,y) is assumed constant,
it is also omitted from now on. However, it will become relevant when discussing fiber
nonlinearities, because the transverse size of the mode affects the pulse’s peak intensity
and thus the accumulated nonlinear phase shift.

The third term A(z,t) is the slowly varying complex pulse envelope which determines the
temporal shape and duration of the pulse. The evolution of A(z,¢) during propagation in
an optical fiber is governed by the generalized nonlinear Schrédinger equation that will
be introduced in section 2.6.4.

The remaining terms in equation eq. (2.13) have the following meanings. The exponential
term is the sinusoidal carrier wave, where 3y is the propagation constant of the fiber
mode and wyq is the carrier angular frequency. They both affect the absolute phase of
the pulse, which is physically uninteresting in most situations. The notation c.c. denotes
complex conjugate, which is required to make the electric field a real quantity. Because
the complex conjugate is used, the factor 1/2 in the beginning is required to get the
correct amplitude.
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2.5.3 Complex amplitude

This section mostly follows the concisely presented material and notation in [30]. To
further simplify the mathematics related to the complex envelope, the complex conju-
gate term is usually dropped along with the rapidly varying exponential term. The z-
dependence of the envelope A(z,t) can also be ignored (for now), which is only mean-
ingful in the context of propagation in optical fibers or other solid-state media. The final,
solely time-dependent formulation is called the complex amplitude of the pulse:

A(t) = /I(t)e™*® (2.14)

where /I(t) is the amplitude and ¢(t) is the temporal phase of the pulse. Both of them
are slowly varying compared to the carrier frequency. This definition also implies that the
electric field is normalized according to the following equation for intensity:

I(t) = A®t))? (2.15)

which excludes the constants permittivity and speed of light. Like the intensity, also the
temporal phase can be solved from eq. (2.14) as

Im[A(1)
¢(t) = —arctan { Re[A(1)] } (2.16)

The pulse is completely defined by the three parameters: I(t), ¢(t) and wy that was
omitted but is still implicitly included. An important parameter related to the temporal
phase is the instantaneous frequency w;(t):

wi(t) = Wy — gf)/(t) (21 7)

The instantaneous frequency is a measure of how the carrier frequency changes with
respect to time. However, it is not directly related to the Fourier frequencies, i.e. the
spectrum of the pulse. For pulse with a flat or linearly varying temporal phase, the instan-
taneous frequency is constant. Second or higher order temporal phase variations lead
to changing instantaneous frequency. Such a pulse is called to have chirp, which is a
relevant concept for discussing dispersion.

When considering dispersive, frequency-dependent effects on the pulse, it is beneficial
to describe the pulse in the frequency domain. This is achieved by taking the Fourier
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transform of the time domain complex amplitude:

Alw — wp) = / h A(t)e ™'dt (2.18)

—00

The inverse Fourier transform can be used to get back to the time domain.

At) = % / h A(w — wp)e™tduw (2.19)

The frequency domain field can be separated into spectral intensity or spectrum S and
spectral phase ¢.

A(w — wy) = /S(w — wp)e @=wo) (2.20)

Defined this way, the spectrum is centered at zero frequency (hence the subtraction of wy)
because the carrier frequency was omitted from the temporal complex amplitude. How-
ever, it is more convenient to have the spectrum centered at wy, so it is typically shifted
there with a minor violation of mathematical rigor. Therefore, the frequency domain en-
velope function is written simply as

A(w) = /S(w)e ) (2.21)

In complete analogy to the time-domain intensity and temporal phase, the spectral inten-
sity and spectral phase can be solved from 2.21 to give

S(w) = | Atw)| (2.22)
— — arctan M
olw) = t {Re[ﬁ(w)] } (2.23)

The phase of a real pulse can be arbitrary. In theoretical considerations however, it is typ-
ically expanded as a Taylor series whose components have different physical meanings
like below
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1

p(w) =¢ (wo) + ¢’ (wo) (w — wo) + 5@" (wo) (w — wp)?
1 , (2.24)
+ 690”’ (wo) (W—wp)” +......

To summarize, we have now two equivalent ways to describe an ultrashort pulse. It can
either be defined in time domain by specifying 1(t) and ¢(¢) or in frequency domain with
S(w) and ¢(w). Additionally, the carrier angular frequency wy is required to tell how fast
the time domain field oscillates under the envelope or equivalently where the spectrum is
centered. Both methods completely define the pulse and knowing either the time domain
or frequency domain intensity and phase, we can obtain the other description by taking
the (inverse) Fourier transform. Having two complementary forms is useful because some
physical effects are more easily described in time domain and some in frequency domain.

2.6 Ultrashort pulses in optical fibers

When designing ultrafast lasers and amplifiers, the target is to obtain as short and intense
pulses as possible. This requires mitigating and compensating for dispersion and nonlin-
earity, which mostly impair the system’s performance, though sometimes these phenom-
ena can be used for a positive effect. Especially in fiber-based ultrafast laser systems,
dispersion and nonlinearity play a substantial role because the propagation distance in
the solid-state medium is much longer than in free space bulk optic laser systems.

2.6.1 Gain, absorption and loss

Ultrashort pulses can lose energy to scattering and absorption and gain energy by stimu-
lated emission in a laser active medium. These effects are primarily frequency-dependent
and therefore, best handled in the Fourier domain where they act on the spectral ampli-
tudes but not on spectral phases (ignoring the weak effect of gain and absorption on
the complex refractive index). In optical fibers, background loss including Rayleigh scat-
tering and absorption in fused silica varies slowly with wavelength. Though it plays a
major role in long-range fiber optical telecommunications, fiber laser setups are typically
short enough that the background loss can be neglected. In active fibers, the absorption
and stimulated emission by the dopant ions is both strong and has a clear wavelength-
dependence even over a few nanometers as covered in section 2.3. At each wavelength,
an active fiber exhibits certain net gain or absorption depending on the excitation of the
ion population. The main difficulty in modelling gain and absorption effects in the context
of ultrashort pulses is that the excitation evolves over much longer time scales (ms) than
the pulse (ps-fs). Therefore, it is cumbersome to fit all relevant physical effects in the
same mathematical model. If an individual pulse is too weak to deplete the excitation
considerably, the excitation can be estimated beforehand with a rate equation simulation
whose result is then used to calculate net gain as a function of wavelength for the ultrafast
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pulse modelling. Based on eq. (2.10), the net gain g,.; at a certain frequency w is

nea(2:) = [a(0) + ()] "2 — o)~ (2.25)

A steady state case is assumed so that the excitation depends solely on position in the
fiber. The net gain can be both positive (gain) and negative (absorption). lts effect on the
optical pulse is described mathematically in eq. (2.26).

82(2,(;}) _ Gnet(z,w) ¢
5, 5 A(z,w) (2.26)

The factor two in the denominator is required to account for the fact that the gain is
applied to the spectral amplitude, not spectral power. The wavelength-dependence of
net gain can modify the spectral shape (and through that the temporal shape) of a pulse
propagating in an active fiber in addition to changing its total energy.

2.6.2 Dispersion

Dispersion refers to the frequency-dependence of refractive index or, in optical fibers,
propagation constant, which causes different spectral components to travel at different
velocities relative to one another. In other words, dispersion acts on the spectral phase of
the pulse either by broadening the pulse width if the phase variation becomes larger or in
some cases by compressing the pulse if the added dispersion negates pre-existing phase
variation. Dispersion can hence be positive or negative and dispersive pulse stretching
followed by compression is at the core of the CPA technique.

Most optical materials exhibit positive or normal dispersion, which means that longer
wavelengths travel faster than shorter ones. The opposite is negative or anomalous dis-
persion, which means that shorter wavelengths travel faster. A pulse that has propagated
in such medium and accumulated dispersion is called a chirped pulse. The sign of the
accumulated dispersion can additionally be specified as either positive (or down) chirp or
negative (or up) chirp.

When discussing dispersion in an optical fiber in the context of ultrashort pulses, the
frequency-dependent propagation constant is normally expanded as a Fourier series at
a relevant center frequency wg as in eq. (2.27):

B(w) = Bo (wo) + B1 (wo) Aw + %52 (wo) Aw? + éﬁg (wo) Awd +...... (2.27)

where Aw = w—wyp and the Taylor coefficients 3,, describe the dispersive effects. Jy is the
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absolute propagation constant at the center frequency. The constant phase shift caused
by 8o does not affect the pulse shape and is therefore neglected. The first order term 3
describes a linear phase shift along the pulse’s spectrum. Based on the properties of the
Fourier transform, such a linear spectral phase shift results in a constant time shift, i.e.
the pulse propagates at a different velocity than the phase velocity, but its shape remains
unaffected. The group velocity of the pulse, which is the inverse of 5;, determines the
transit time through a certain material such as a section of optical fiber but is relatively
unimportant and therefore normally disregarded in ultrafast pulse simulations.

The second order Taylor coefficient 35, in contrast, has a strong impact on the pulse
shape. This term causes a quadratic contribution to the spectral phase and describes the
variation of the group velocity with frequency. In other words, different parts of the pulse
travel at slightly different velocities, which causes the pulse to broaden if the frequency
components were originally in phase but then move increasingly out of phase with each
other. The pulse becomes linearly chirped, which means that its instantaneous frequency
changes linearly with time. Since the phase is a simple function, this kind of pulse can be
relatively easily compressed to back to its shortest possible transform-limited duration, in
which all the frequency components are in phase.

The third and higher order dispersion components 33, S4, . . . describe the dependence of
B2 on frequency. The number of terms required to correctly model pulse propagation de-
pends on the pulse’s spectral bandwidth, with more terms needed for broadband pulses.
The result of 52 not being constant is that the pulse’s chirp is no longer linear but be-
comes more complex function, making it more difficult to compensate with normal optical
elements.

Formally, the dispersive effects on the complex amplitude of a pulse are represented
mathematically by eq. (2.28) with the summation stopped at the highest order dispersion
component included.

OA inl gn
5= (Z ﬁnn!@T”) A (2.28)

nz

Though this equation is written for time domain A, dispersion is typically handled in the
Fourier domain where the time derivatives can be replaced with multiplication by iw.

2.6.3 Fiber nonlinearities

The rest of the physical processes affecting ultrashort pulses are nonlinear, i.e. somehow
proportional to local irradiance and therefore best understood in time domain. Nonlinear
effects are the main limiting factor of ultrafast fiber lasers because the optical field is
transversely confined within a small core at most a few tens of wavelengths in diameter
resulting in high peak irradiance and because the propagation distance in the fiber is
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rather long.

Nonlinear effects generate new frequencies. If these frequencies lie within the gain band-
width of the laser active ions in a fiber amplifier, the new frequencies can be amplified by
stimulated emission in addition to the nonlinear process itself and seeded by ASE gen-
erated in the amplifier [31]. For this reason, nonlinearities can be stronger in fiber lasers
and amplifiers than in passive fibers. The effectiveness of energy transfer to the new fre-
guencies depends on polarization and therefore nonlinear effects are typically strongest
for linearly polarized light [32, 33].

In this high-level discussion of nonlinear effects in optical fibers, we can thus write a rule
of thumb for the strength of nonlinearity NL as follows:

LP K
NL o K / peak(z) ;. 2.29
0 Aeff(z) ( )

The nonlinearity is roughly proportional to propagation distance L and peak power Ppeai
divided by nonlinear effective area A.s¢ (which equals to peak irradiance in the fiber)
while K is a constant of the order of unity representing the effect of polarization. Peak
irradiance must be integrated over the propagation distance since the input power is either
attenuated (in passive fibers) or amplified (in pumped active fibers).

To reduce nonlinearity in a fiber laser system, one can try to affect the different parame-
ters in eq. (2.29). Typically, linear output polarization is desired, which requires the fiber-
based power amplifier to operate at linear polarization as well. In some cases, circular
polarization can be used in the amplifier and then converted to linear polarization at the
output, thus decreasing nonlinearity through K [19]. The amplifier length L should also
be minimized, especially in high-peak-power parts. This requires strong pump absorption
in the active fiber (through high doping concentration) and proper cooling to handle the
increased thermal load per meter of fiber. For pulsed operation, the peak power depends
on average power and pulse duration. At a certain average power, peak power can then
be kept modest by using long pulses, which is the idea behind chirped pulse amplifica-
tion. Nonlinearity can also be mitigated by maximizing the effective area A.g, which is
the target of various specialty fiber designs.

For a more detailed understanding of nonlinear effects in optical fibers, the first point to
note is that fused silica is an isotropic material so second-order nonlinear effects are very
weak and third order effects dominate [23]. Thus, the main nonlinear effects in optical
fibers are four-wave mixing (FWM), stimulated Raman scattering (SRS), stimulated Bril-
louin scattering (SBS) and optical Kerr effect giving rise to self-phase modulation (SPM)
and cross-phase modulation (XPM). FWM requires the fulfillment of a phase-matching
condition, which generally does not happen accidentally, so FWM can be neglected in ul-
trafast fiber amplifiers operating far from the zero-dispersion wavelength. XPM describes
the interaction of multiple waves in the fiber via Kerr nonlinearity and does not play a role



28

in a linearly polarized fiber amplifier with only one propagating signal. SBS is automati-
cally phase-matched and, in principle, has the lowest threshold of the fiber nonlinearities.
However, its gain bandwidth is only ~ 50 MHz meaning that, for two frequencies »; and
vy at least 50 MHz apart, signal at v, does not contribute to SBS generated by signal at
v1. For this reason, SBS typically does not play a role with broadband ultrashort pulses
even though it can severely limit the propagation of narrowband signals. Consequently,
only the Kerr effect (SPM) and SRS are relevant for the laser system in this thesis and
will be described in more detail below.

The optical Kerr effect is an automatically phase-matched third order nonlinear effect. It
causes an intensity-dependent phase shift often described via the nonlinear refractive
index

n =mng + nol (2.30)

where n is the total refractive index, ng is the normal "linear" refractive index, ns is the
nonlinear refractive index and I is the optical intensity. Since ny ~ 1.45 and ny ~ 2-
3-102°m2 W-1 for fused silica at 1 um, the nonlinear refractive index only plays a role
at high intensities. The nonlinear refractive index manifests itself both in spatial and time
domains. In the spatial domain, the transversely varying intensity profile of a high-power
beam generates a refractive index distribution resembling a positive lens. This effect,
known as self-focusing, is used to provide saturable absorption in Kerr-lens mode-locked
bulk solid-state lasers. In ultrafast fiber lasers, self-focusing sets the ultimate peak power
limit inside the fiber (about 4 MW at 1 um) [34], though in practice, other effects such as
SRS usually constrain the peak power to a lower value.

Unlike the spatial Kerr effect, the temporal Kerr effect cannot be neglected in ultrafast
fiber lasers. In this context, the Kerr effect is called self-phase modulation to emphasize
the fact the irradiance of the pulse modulates the pulse’s own temporal phase. Mathe-
matically, SPM operates on the complex amplitude of the ultrashort pulse according to
eq. (2.31):

0A(z,t)
0z

= —iv]|A(2,t)2A(2,1) (2.31)

where |A(z,t)|? is the optical power and v is the nonlinear parameter, essentially a scaled
version of the nonlinear refractive index ns that includes the effective area:

no (WO) wo

e (2.32)
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where wy is the (carrier) angular frequency and c is the speed of light in vacuum. Equa-
tion (2.31) tells us that SPM imposes a phase shift matching the irradiance of the pulse
in time domain. In other words, the phase shift depends on the pulse shape. By itself,
SPM does not affect the temporal amplitude of the pulse but changes the spectrum by
both generating new frequencies and altering the phase of the existing frequencies.

The accumulated SPM nonlinearity in an amplifier system is often expressed using a
single parameter, the B-integral:

B = — [ nolpeqr(2)dz (2.33)

where ny is the nonlinear refractive index and I,..x(z) is the peak intensity of the pulse
at position z. The B-integral gives the nonlinear phase shift due to self-phase modulation
experienced by the peak of the pulse. The leading and trailing edges of the pulse undergo
smaller phase shifts, which approach zero where the irradiance goes to zero so the B-
integral is a measure of the maximum nonlinear phase variation in the pulse.

In the frequency domain, SPM manifests as nonlinear group delay, which can be approx-
imated as

dp/dw = B/ Awpy (2.34)

where Awyp,, is the half width at half maximum of the spectrum [35]. At 1 um wavelength
and 5 nm spectral half width, a B-integral of 1 rad corresponds to a group delay variation
of 106 fs. For this reason, the nonlinear phase shift should be kept as low as possible
if the target is to obtain femtosecond pulses. Fortunately, some of the nonlinear phase
shift can be compensated via second- and third order dispersion in the amplifiers and
the compressor if CPA is used [36]. The remaining uncompensated part can distort
the compressed pulse, for example generating side lobes which effectively decrease the
maximum peak power of the main pulse.

Because the nonlinear phase shift follows the temporal pulse shape, some pulse shapes
are less susceptible to nonlinear phase distortions than others. Notable examples are
solitons in negative-dispersion media and parabolic pulses in active fibers with posi-
tive dispersion. Solitons are sech?-shaped stable solutions of the nonlinear Schrédinger
equation (NLSE) which can propagate long distances unchanged because the negative
dispersion and nonlinearity completely cancel out each other [23]. Unfortunately, solitons
are not readily usable in high-power fiber lasers because they are stable only at low en-
ergies and silica fibers at 1 um do not exhibit negative dispersion. Parabolic pulses are
asymptotic solutions to the NLSE in the presence of positive dispersion, self-phase mod-
ulation and gain [37]. For CPA, they could possibly be generated by a parabolic spectral
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filter followed by a stretcher. As their name implies, these pulses have parabolic intensity
profiles with quickly decreasing tails unlike Gaussian or sech? pulses. This pulse shape is
beneficial since the nonlinear phase it accumulates has a parabolic shape, which equals
to a linear chirp that is easily compensated with negative second order dispersion.

The second major nonlinear effect in ultrafast fiber lasers and amplifiers is stimulated
Raman scattering. Raman scattering in general arises from the interaction of the prop-
agating light with the vibrational energy states in a transparent material so that the scat-
tered photons are frequency downshifted by the difference of the material’s vibrational
energy levels. A frequency up-shift is also possible, but its probability is much lower be-
cause the minimal occupation of higher vibrational energy states at room temperature. In
fused silica, the Raman shift is approximately 13.2 THz [23], corresponding to 48 nm at
1040 nm. Under normal circumstances, the Raman effect is weak but existing photons at
the Raman-shifted wavelength can stimulate further Raman scattering leading to a rapid
transfer of power from the original signal to the Raman-shifted signal. Therefore, SRS
sets a limit for peak power in a fiber laser system after which all additional amplification
will only amplify the Raman signal. The presence of seed light at the Raman wavelength
influences how quickly SRS becomes a problem. Therefore, it is beneficial to avoid ASE
light at the Raman wavelength, perhaps even by spectral filtering, so that the Raman
signal must grow starting from weak spontaneous Raman scattering only. Even though
the Raman process is automatically phase-matched, dispersion plays a role at ultrashort
pulse durations because the generated Raman pulse travels faster (in positively disper-
sive medium) than the original pulse and cannot be amplified further via SRS when the
pulses no longer overlap temporally. In ultrashort pulse modelling, SRS is taken into ac-
count by using a Raman response function, which is based on experimental data for the
material in question.

2.6.4 Generalized nonlinear Schrodinger equation

All the effects introduced in the previous sections can be combined into a single partial
differential equation describing ultrashort pulse propagation in optical fibers, the general-
ized nonlinear Schrédinger equation (GNLSE) that is presented in eq. (2.35) [38]. There
is no analytic solution to the complete GNLSE so numerical methods are required to solve
it in specific cases. Using this equation, it is possible to propagate a pulse, represented by
its complex amplitude A(z,t), numerically through a fiber whose parameters are known.
The GNLSE is presented here in time domain but, in practice, solving it requires Fourier-
transforming between the time and frequency domain because some effects are more
conveniently handled in one or the other.
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The first term on the right-hand side describes the effect of net gain, written here for
simplicity without its wavelength dependence, which is best applied in the spectral do-
main. The second term describes second and higher order dispersion, which is also best
modelled in the spectral domain because calculating the time derivatives numerically is
inaccurate [23]. The final terms correspond to the nonlinear effects. The time-derivative
accounts for the self-steepening effect, which is only relevant for sub-picosecond pulses
but included here for the sake of completeness. fr is an experimental constant factor
between 0-1 that describes the proportion of the Raman response of the total nonlinear
response. Therefore, the term with (1 — fr) corresponds to the optical Kerr effect and the
term with fr to SRS.

Simulating ultrashort pulse propagation in a CPA system using the GNLSE is a computa-
tionally intensive task since the simulation time grid must be be both broad to describe the
long stretched pulse and dense to handle the very short compressed pulse at the same
time. Fourier transforming that time grid is slow so the number of required transforms
should be minimized by using an efficient algorithm. Traditionally, the split-step Fourier
transform method has been used for solving the GNLSE [23]. The algorithm alternates
between the frequency domain where it integrates the gain and dispersive effects and
the time domain where it integrates the nonlinear effects. A more efficient fourth order
Runge-Kutta in the interaction picture (RK4IP) method was described by Hult in 2007
[38]. This method allows integrating the nonlinear terms more accurately than the split-
step method, thus obtaining the same accuracy with fewer computational steps. The
number of steps can be further optimized by using an adaptive stepping algorithm, which
estimates the local error after each step and adjusts the step size accordingly to stay
within a predefined tolerance. This thesis uses the Conservation Quantity Error stepping
method described in [39], which the author of that paper found to be more efficient than
the earlier developed Local Error method [40]. The simulation algorithm was adapted
to Python programming language from the Matlab code provided by the authors of [41]
online [42]. The adaptation included adding support to frequency-dependent gain and
dense output for B-integral computation. The code used to solve the GNLSE is included
as Appendix A.

2.7 The principle of chirped-pulse amplification

Chirped pulse amplification is the most widely used method for generating high-energy,
high-peak-power ultrashort pulses. The principle is simple [35]. The starting point is
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a seed laser that emits low-energy pulses typically hundreds of femtoseconds or a few
picoseconds in duration. These pulses cannot be directly amplified to high energy in any
solid-state optical amplifier because the resulting very high peak power causes excessive
nonlinearity, which can either distort the pulse or even destroy the amplifier medium.
The solution to this problem is to apply a large amount of dispersion to the pulse before
amplification to stretch the pulse in time-domain. This reduces the peak power and allows
reaching a higher pulse energy. After amplification when the pulse is propagating in
free space and no longer subject to strict peak power limitations, an equal amount of
dispersion of opposite sign is used to compress the pulse down to its original duration and
reach a high peak power useful in many applications. This works because amplification
by stimulated emission generates copies of the original photons and thus preserves the
spectral phase of the original pulse.

The above view of CPA is somewhat simplified because it does not take into account the
fact that original pulse might already be chirped and that the amplifier medium causes
additional dispersion, both of which must be compensated for by the stretcher and/or the
compressor to reach transform-limited pulses. Assuming that nonlinearity plays a negli-
gible role, the operation of a CPA system can be conveniently described in the frequency
domain [35]. If the time domain complex amplitude of the input pulse is A(t), then the
spectral domain complex amplitude is

A(w) = / h A(t)e™™tdt = /S (w)e W) (2.36)

—0o0

The whole CPA system comprising a stretcher, amplifier(s) and a compressor has a trans-
fer function

T(w) = Gw)e 7@ (2.37)

where G(w) includes the frequency-dependent gain in the laser active medium and the
attenuation in the other components and o(w) includes the dispersion of the stretcher,
compressor and the amplifier. The output pulse in the spectral domain is then simply

Al(w) = T(W)A(w) = G(w)/S(w)e~ lo@He@) (2.38)

and in time domain

E'(t) = % /_ h E'(w)e™tdw (2.39)
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The target in designing a CPA system is to make the gain G(w) high enough to reach the
desired pulse energy and flat enough that the spectrum does not narrow during ampli-
fication, because the spectral width determines the minimum attainable pulse duration.
The spectral phase o(w) + ¢(w) by contrast should be made as close to zero as possible
to actually compress the output pulse to its transform-limited duration. In other words, the
spectral phase delays of the input pulse, the stretcher, the amplifier and the compressor
should cancel each other out completely. The challenge lies in the fact that the stretcher
and the compressor should provide massive amounts of dispersion to reach stretching
ratios of up to >1000:1 while still making the fine-tuning possible to reach zero phase vari-
ation after the compressor. The problem is complicated further by the nonlinear phase
contributions that were neglected in this simplified description of CPA, and managing non-
linearity is especially important in fiber-based CPA systems. In some cases, it can also
be possible to benefit from self-phase modulation to compensate for gain narrowing in
the amplifiers [43].

2.8 Dispersive elements for pulse stretching and
compression

This section covers several different pulse shaping elements that have been used in the
scientific literature to stretch or compress ultrashort laser pulses. Special emphasis will
be placed on the elements finally chosen for the chirped pulse amplification design in
this thesis: a chirped fiber Bragg grating (CFBG) for stretching and a bulk transmission
grating pair for compressing the pulses. The discussion will be from the point of view of
working with pulses at 1 um wavelength.

2.8.1 Fiber spool stretcher

The simplest possible dispersive element in a fiber laser system is a long spool of passive
optical fiber. This kind of stretcher was used in the initial demonstration of the chirped
pulse amplification technique [4]. At 1 um, single-mode optical fiber has positive second
order and third order dispersion. Their proportion is naturally fixed by the specific fiber's
parameters, but the total dispersion can otherwise be relatively easily tuned by changing
the fiber length. A fiber stretcher can operate over an extremely broad bandwidth without
clipping the pulse’s spectrum, though higher order dispersion can become problematic
with broad-band pulses. Furthermore, a fiber spool stretcher is straightforward to inte-
grate into an all-fiber laser system without free-space alignment issues. Therefore, a fiber
spool can also be used in combination with some other stretcher type. The input pulse
energy to a fiber stretcher must be low enough to prevent the accumulation of nonlinear
phase and, in the worst case, stimulated Raman scattering during the long propagation
distance in the fiber. Using weak pulses in combination with the propagation loss in the
fiber might necessitate additional amplification after the pulse has been stretched.
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2.8.2 Chirped fiber Bragg gratings

A fiber Bragg grating (FBG) is a phase grating formed by a weak periodic refractive index
modulation in the core of an optical fiber [44]. It can be fabricated by exposing a pho-
tosensitized fiber to UV radiation whose intensity pattern matches the desired refractive
index modulation [45]. The absorption of UV light in the glass locally modifies the chemi-
cal bonds and, consequently, the refractive index. For some FBG designs, femtosecond
infrared pulses can be used, which interact with the glass via multiple-photon absorption
[46].

The simplest type of FBG is a uniform FBG with a constant modulation period and am-
plitude. Given strong enough index modulation and sufficient length, a uniform FBG acts
as a high-efficiency narrow-band distributed reflector at the Bragg wavelength [44]:

Ap = 2negA (2.40)

where n.g is the effective group index of the fiber mode and A is the grating period, which
together determine the reflection wavelength. Uniform fiber Bragg gratings are useful as
fiber optic sensors, filters in optical communications, or cavity end mirrors in fiber lasers
but do not provide dispersion.

However, if the period of modulation changes along the length of the FBG, different wave-
lengths are back reflected at different positions and those reflected farther along the
grating are delayed with respect to the wavelengths reflected at the start of the FBG.
Consequently, this kind of chirped fiber Bragg grating (CFBG) has a broader reflection
band and acts as a dispersive element. This is demonstrated in fig. 2.3.

The reflection bandwidth of a CFBG depends on the grating periods at the start and at
the end of the grating and can be estimated from eq. (2.41).

AN = 2negAA (2.41)

where A)\p is the variation of the Bragg wavelength (the grating chirp) and AA is the
variation of the grating period. The maximum time delay generated by an CFBG between
the spectral components reflected at the opposite ends of the grating is simply the round-
trip time of the light reflected at the back end given by [47]:

2L
At == (2.42)
Vg

where L is the physical length of the grating and v, = ¢/n.g is the group velocity of the
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Figure 2.3. Schematic of a chirped fiber Bragg grating. The group delay of a CFBG
varies strongly between wavelengths reflected at different ends of the grating.

pulse in the grating. Therefore, the second order dispersion of a CFBG is approximately

At
D=—— 2.4
g (2.43)

in units of ps/nm [47]. Equations (2.41)—(2.43) represent only rough limits of a chirped
FBG’s operation. A more accurate understanding would require solving the coupled mode
equations for the forward and backward propagating waves in the grating using the real
refractive index modulation [44], which is outside the focus of this thesis.

When fabricating a CFBG, there is great flexibility in choosing its reflection bandwidth and
dispersion, though a compromise must be made between the two since the grating cannot
be made arbitrarily long. For a fixed grating length, increasing the reflection bandwidth
reduces dispersion since the Bragg wavelength varies more rapidly. Within the maximum
group delay limit imposed by the length of the CFBG, it is also possible to design a specific
dispersion profile. In the simplest case, the grating period changes linearly, resulting in
purely second order dispersion. However, the grating period can also change nonlinearly,
giving rise to third and higher order dispersion of preferred sign and magnitude [48]. In
essence, a CFBG can be fabricated to match the desired specifications with considerable
freedom.

Afterwards, the dispersion of a CFBG is still tunable to an extent by stretching or heating,
which slightly changes the grating period [47]. It can also be flipped around to reverse
the sign of dispersion. However, the absence of stronger dispersion tuning and the in-
ability to change the reflection bandwidth mean that a CFBG is less flexible than a fiber
spool and must be carefully designed beforehand for the intended application. Another
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disadvantage is that a CFBG, which operates only in reflection, requires a lossy optical
circulator to be incorporated in a feed-forward fiber amplifier system.

2.8.3 Chirped volume Bragg gratings

Volume Bragg gratings are the bulk component equivalents of fiber Bragg gratings. Their
fabrication is also similar, involving either UV or femtosecond IR laser writing of a periodic
refractive index pattern in photosensitive glass material [49]. As in a chirped FBG, the
period of a chirped volume Bragg grating (CVBG) changes along its length, imposing a
strong dispersive phase shift to the reflected beam, which means that using a CVBG is a
highly compact way to provide dispersion.

As a bulk component, a volume Bragg grating can accommodate beam diameters up
three orders of magnitude larger than an FBG (millimeters instead of micrometers) [49].
This makes volume Bragg gratings usable for high-power operation. In bulk CPA systems,
a single chirped volume Bragg grating can be used as a perfectly matched stretcher and
compressor simultaneously by launching the beam into the grating from opposite ends
because the two reflected beams acquire phase shifts of equal magnitude but opposite
sign. In fiber laser systems, using a VBG this way is less attractive since an equivalent
FBG stretcher is far preferable to a free-space VBG one. However, it is possible to use a
matched pair comprising a CFBG and a CVBG for similar effect [50].

High-power volume Bragg gratings represent emerging technology compared to bulk
diffraction gratings [51] and cost considerably more. The tunability of volume Bragg
gratings is practically non-existent since they cannot be stretched like their fiber-based
counterparts. Therefore, a CVBG must be optimized strictly for a specific input pulse dur-
ing manufacturing and cannot be used for other wavelengths or differently chirped pulses.
On the negative side, this makes a CVBG a poor choice for prototyping a laser system
when the required pulse parameters are partly unknown. On the other hand, the fact the
a VBG can be made to match a desired dispersion specification makes it an attractive
option for mature laser system designs.

2.8.4 Bulk diffraction gratings

An optical diffraction grating is a periodic groove structure scratched or etched on a reflec-
tive or transmissive substrate. The distance between the grooves is comparable to the
wavelength of light, whose interaction with the grating is therefore heavily wavelength-
dependent. A diffraction grating works by bending an incident beam of light into several
diffraction orders, i.e. directions, and within each diffraction order into its spectral compo-
nents. This translates to optical path length differences between wavelengths, giving rise
to group delay dispersion. This section covers the use of bulk gratings for pulse stretch-
ing and compression starting with methods to maximize the diffraction efficiency (power
going to a single diffraction order) and then handling the dispersive properties of gratings.
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The operation of a bulk diffraction grating is governed by the grating equation, which is

A - (sinf +sinfp) = mA (2.44)

for a reflection grating and

A - (—sinf; +sinfp) = mA (2.45)

for a transmission grating where A is the grating period, 8; is the incidence angle, 6p
is the diffraction angle, the integer m = 0,41, +2, ... is the diffraction order and X is the
wavelength [52]. The following sign convention is used for the angles: all angles opening
counter-clockwise from the surface normal are positive, and angles opening clockwise
from the surface normal are negative. The rest of this section uses the transmission grat-
ing equation eq. (2.45) as the starting point but applies equally well to reflection gratings
with the relevant sign changes.

The separation of the diffracted wavelengths from each other is called angular disper-
sion and can be calculated from eq. (2.45) by solving for 6 and then differentiating with
respect to A [53]. The result is

d@D . m
d\  AcosfOp

(2.46)

Several important conclusions can be drawn from this equation. First, the magnitude of
the diffraction angle grows with wavelength, i.e. longer wavelengths are diffracted more
strongly. This is intuitively understandable since diffraction as a phenomenon becomes
important only when light interacts with wavelength-scale structures. If the wavelength
were much shorter than the grating period one would not expect noticeable diffraction to
happen. Second, high diffraction orders m result in stronger angular dispersion. While
higher diffraction orders of up to m > 100 are indeed used in some high-resolution spec-
trometers based on specialized Echelle gratings [53], only the first order is usable in
high-power pulse compression because the diffraction efficiency of higher orders is too
weak [54]. Another way to increase angular dispersion is to decrease the grating constant
A, again since diffraction is stronger when the wavelength and the diffracting structure are
about the same size. However, a too small grating constant results in no valid diffracted
solutions to the grating equation.

The absolute lower limit for the grating period is
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A> )2 (2.47)

as set by the grating equation:

A
|m| A= |sinf; + sinfp| < 2 (2.48)

because the sum of the sines must be always less than or equal to 2 and |m| is 1 for
the lowest diffraction orders. Therefore, if the grating constant were smaller than \/2, the
only solution to the grating equation would be the non-diffracted zeroth order m = 0. In
other words, eq. (2.47) also gives the longest wavelength, at which a certain grating still
works. At the limit, the grating is operated at grazing incidence 6; = 90°, which is not
practical so the grating period should be slightly above the limit if maximum dispersion is
desired in a real optical system.

There is also a further limitation to the incidence and diffraction angles related to diffrac-
tion efficiency. To maximize diffraction efficiency, gratings are typically used in the Littrow
configuration where the incidence angle is equal to the first order diffraction angle. For
transmission gratings, this means that m = —1 and 8p = —#0; in the adopted sign con-
vention, which leads to the following equation for the Littrow angle of incidence:

A
inf;, = — 2.49
sin by, 9A ( )
Inserting this into the grating equation gives
. A 1\ A
sinfp = ST <m—|— 2) n (2.50)
which has solutions only for m = 0 and m = —1 if % > % in which case all the other

diffraction orders are suppressed. Still, most of the incident power could go to the zeroth
instead of the first order. The first order diffraction efficiency can be maximized by shaping
the grating grooves in a specific way. While the groove shape is not present in the grating
equation and does not affect a grating’s dispersion properties, it has a major impact
on the diffraction efficiency. Pulse stretching and compression typically make use of
blazed gratings (see fig. 2.4), whose grooves are triangular with facets angled to the
grating surface. Blazed gratings are specifically designed to be used at the wavelength, at
which the Littrow angle matches the blaze angle, and their diffraction efficiency decreases
at wavelengths further away from that design wavelength. Gratings are also typically
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Figure 2.4. Schematic of a blazed reflection grating with blaze angle «. The incidence
and diffraction angles are equal to each other (#) and to the blaze angle in Littrow config-
uration.

polarization dependent, and the diffraction efficiency is higher for s-polarization, in which
the electric field of the incident light is parallel to the grating lines.

In 1969, Treacy [55] demonstrated that a pair of identical gratings can be used to generate
negative second order dispersion for pulse compression. His original design comprised
only two reflection gratings, but the configuration was later refined to include a back re-
flecting mirror for a double pass in the system [56]. A practical version for high-power
pulse compression in shown in fig. 2.5.

[

s Z

Figure 2.5. Schematic of a transmission grating compressor operated at Littrow config-
uration. G1, G2 = transmission gratings, M1, M2 = mirrors, L = grating separation, 0; =
incidence angle

In the grating compressor, the incident beam first encounters the grating G1, which sepa-
rates the beam to its spectral components. A second identical grating G2 placed parallel
to G1 is then used to parallelize the wavelength components. At this point, the beam has
experienced negative group delay dispersion since the longer wavelengths have prop-
agated a longer optical path than the shorter wavelengths. However, the beam is also
spatially chirped since the wavelength components no longer perfectly overlap in space.
In practice, a real finite-sized beam (unlike the rays in fig. 2.5) would become elliptical.
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This can be avoided by including a mirror M1 (or two additional gratings) so that the beam
propagates back the way it came due to reciprocity of diffraction. As a result, the spa-
tial chirp is eliminated and the beam experiences twice the amount of dispersion but at
the cost of higher diffraction losses [56]. To separate the output beam from the incident
beam, the mirror M1 can be slightly tilted upwards or downwards and the exiting beam
can then be captured with the small mirror M2.

The dispersion generated by the grating compressor depends on wavelength, incidence
angle 6;, grating separation L and the grating period. The second and third order disper-
sion terms are shown in egs. (2.51) and (2.52) [35].

~3/2
2 N 2413 2
dp mATL (—mi —sin0i> ] (2.51)

dw? ~ 2mc2A2

d3p BA 1+ %sin 0; — sin? 0; d2¢

i S 2.52
dw? 2me 1 (X - sin@i)Q dw? (2.52)

where N = 2 is the number of passes when using the back-reflecting mirror and m = —1
is the diffraction order. The second order dispersion is always negative and the third
order dispersion always positive. For a given pair of gratings, the distance between them
and the incidence angle are freely tunable parameters, though 6; should be kept close to
the Littrow angle for high diffraction efficiency. Transmission gratings have an advantage
over reflection gratings in that they can be operated at exactly the Littrow angle since the
incident and diffracted beams are on different sides of the grating and therefore angularly
separated. On the negative side, the material in transmission gratings contributes a small
amount of positive dispersion, which might be problematic for the shortest pulses.

Analogous to FBGs and VBGs, the transverse size of a bulk grating limits the maximum
optical path difference between the spectral components of a pulse and therefore the
dispersion obtainable from a grating stretcher or compressor. The pulse’s spectral band-
width only affects the angular dispersion, i.e. how far from each other the gratings should
be placed so that the beam completely fills the second grating’s aperture in one direction.
The required grating size can be approximated from angular dispersion from eq. (2.46),
the diffraction angle and the grating separation.

A grating pair can also be modified to generate positive second order dispersion by adding
two lenses, which was first proposed by Martinez [57]. The design is shown in fig. 2.6.
In this configuration, the same equations for dispersion egs. (2.51) and (2.52) still hold
but the grating separation L can be effectively made negative by placing the gratings
closer to the lenses than the focal length f. In principle, this allows designing matched
gratings stretchers and compressors, whose dispersion components balance each other
out perfectly. In practice, however, the lens telescope’s chromatic aberration can cause
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Figure 2.6. Schematic of a grating stretcher with two identical reflection gratings and
lenses with focal length f.

phase distortions, and for this reason all-reflective stretcher designs such as the Offner
stretcher have later been developed [58].

Using the Martinez grating pair, it also possible to access the Fourier plane of the pulse
by placing the gratings and lenses in a 4f-configuration. Then, a phase plate or a spatial
light modulator can be placed at the Fourier plane to shape the spectral phase with an
arbitrary function. Some high-end CPA systems use this kind of setup for more complex
phase compensation [5, 19].

2.8.5 Bulk prisms

In addition to gratings, the wavelength-dependent refraction in prisms is also a source of
angular dispersion [59] and a prism pair can be used to build a compressor or stretcher
similarly to a grating pair. The scheme of a prism compressor is shown in fig. 2.7.
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Figure 2.7. Schematic of a prism pair compressor, which works on the same principle of
angqular dispersion as the grating pair compressor in fig. 2.5. The dispersion is defined in
terms of the angle 6 and path length L of a reference ray going through the apices of the
prisms.
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However, it is difficult to obtain large negative dispersion because the angular dispersion
is typically weak even in high-index glass and partially offset by the positive dispersion
of the bulk glass material. In the example calculated in [35], a grating pair generates
roughly two orders of magnitude higher dispersion than a comparable prism pair. For this
reason, a prism pair is more suitable for fine-tuning than generating massive amounts of
dispersion. On the positive side, a prism pair operated at Brewster’s angle or with proper
anti-reflection coating has higher transmission than a grating pair. By inscribing gratings
onto the prisms to create so called "grisms" it is also possible to create a compressor, in
which both second and third order dispersion are negative [60].
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3 HIGH-LEVEL LASER SYSTEM DESIGN

The purpose of this chapter is to describe the structure of the CPA system qualitatively
and explain and justify the choices made when designing it, including comparisons to
alternative solutions. The main novelty of this system is the use of a tapered fiber ampli-
fier together with the CPA technique. The laser system is designed for 1040 nm central
wavelength, which more optimal for amplification in the Yb3*-doped tapered fiber than the
typical low-power seed laser wavelength of 1030 nm.

Mode-locked CPA e AOM
P lifier 1 .
seed laser stretcher reampiifier pulse picker

ASE filter and ||
high-power isolator

CPA

Tapered
compressor >

Preamplifier 2 power amplifier

Figure 3.1. High level scheme of the CPA laser system.

A high-level schematic of the laser system is shown in fig. 3.1. The design is based on
the master-oscillator-power-amplifier principle, in which the output of a weak seed laser is
modified and amplified by a number of successive elements. The first element is the seed
laser, which is a mode-locked fiber laser generating low-energy ultrashort pulses at a
relatively high repetition rate. The seed pulses are slightly positively chirped but still much
too short to be amplified to high pulse energy. This is where the CPA technique comes
into the picture. The seed pulses are first stretched in a strongly dispersive component,
whose function is to increase the pulse duration by more than an order of magnitude
compared to the original pulses. At the same time, the stretcher is also lossy so that the
pulse train then requires amplification in the following core-pumped preamplifier 1. After
that, the pulses propagate through another lossy component, the pulse picker, which is
essentially a fast optical switch that can block some pulses and transmit others. The pulse
picker reduces the pulse train’s repetition rate so that the energy gained in the further
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amplifiers is shared between fewer pulses to enable higher energy per pulse later at the
output. Besides having non-negligible excess loss, the pulse picker causes more than an
order of magnitude drop in signal power by rejecting most of the pulses. Consequently,
the pulse train must be amplified in another core-pumped preamplifier before it can be
coupled into the tapered power amplifier through a high-power isolator. The final element
after the ampilification stages is the compressor, a strongly dispersive element, which
compensates for the stretcher’s dispersion, the pulse’s initial chirp and the dispersion
accumulated in the amplifier chain. The desired end result is a high-peak-power ultrashort
pulse that is as close to the transform limit as possible and does not show significant side
pulses.

The following sections will provide a detailed view into each sub-assembly in the CPA
system and discuss the design choices and trade-offs associated with it. The trade-
offs are mostly related to performance, i.e. the optical parameters of the output pulse
train, and the ways to maximize it, but the commercial motivation of the project puts
additional emphasis on cost, simplicity and robustness of the laser design. Actual results,
experimental in the case of the seed laser and simulated for the rest of the system are
presented in chapter 4.

3.1 Seed laser

Choosing or building a suitable seed laser is essential for realizing a performant CPA sys-
tem. The seed laser generates the initial pulse train that is then sculpted and amplified by
the subsequent elements. In some limited respect, the amplifier stages can compensate
for less than ideal seed operation, but a suboptimal seed would drive up the complexity
and cost of the laser system even in the best case. The seed does also place a few
hard limits on the system’s performance that cannot be circumvented by changes in the
amplifiers.

The most important parameter of an ultrafast seed laser is arguably the quality of its
pulses, which in this context should be understood as the focusability of the pulsed energy
in time domain. A short pulse duration necessarily requires a broad spectrum based on
the Fourier relation between the time and frequency domains. However, a broad spectrum
alone is not a sufficient condition for obtaining clean ultrashort pulses. Especially fiber-
based seed lasers generate initially chirped pulses that, in principle, could have such
a complex spectral phase that they cannot be properly compressed with normal optical
elements. For use in a practical system, the seed pulses must therefore also have a
well-behaved spectral phase in addition to a broad spectrum. A small exception to the
previous requirements is that an originally narrow spectrum can be broadened by self-
phase modulation during propagation in an optical fiber, but the resulting nonlinear phase
can then hinder perfect pulse compression unless the pulse shape is carefully chosen.
A broad seed spectrum is also beneficial in a CPA system for practical reasons since
the dispersion required to stretch or compress a pulse to a certain duration is directly
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proportional to its spectral width. Therefore, a broad seed spectrum leads to a more
compact laser setup if, for example, a fiber spool stretcher can be shorter or the gratings
in a compressor can be closer to each other. Finally, the seed spectrum should lie within
the optimal gain bandwidth of the power amplifier and preferably at a wavelength where
wavelength-selective components such as filters, wavelength-division multiplexers and
gratings are available commercially.

Besides the capability of generating short pulses, the seed laser’s repetition rate is also an
influential parameter. The majority of ultrafast seed lasers (except gain-switched diodes)
are mode-locked so their fundamental repetition rate has a fixed value based on the
cavity length. The seed’s repetition rate then represents the maximum repetition rate
of the laser system but lower rates can be obtained by using an external pulse picker
to block every nth pulse. A pulse picker only enables repetition frequencies that are
fractions of the original one and also causes a loss proportional to the number of pulses
blocked out. Therefore, having seed repetition rate close to the final repetition rate is
beneficial to avoid excessive losses. In the best case, the seed would generate at the
correct repetition rate without need for a pulse picker, reducing both cost and complexity
of the laser system. In practice, the cavity of a low-repetition-rate mode-locked laser
would have to be unpractically long. For example, a 1 MHz fiber ring laser would require
200 m of fiber in the cavity, which would lead to problems with very high cavity dispersion.
For this reason, mode-locked seed lasers typically have high repetition rates and must be
pulse-picked. Tunability of the seed repetition rate would also be a beneficial quality but
that would require cavity length tuning with a free space optical delay line, a complexity
that is in most cases best avoided.

Apart from the pulse quality and the repetition rate, a seed laser’s average power also
plays a role in its suitability for a CPA system. Since a mode-locked laser typically gen-
erates very little ASE, the average power and pulse energy are directly related by the
repetition rate, but average power is the more relevant parameter when considering am-
plification. The seed power should be at least enough to saturate the first preamplifier to
avoid excessive ASE generation. For single-mode fiber amplifiers, the seed power would
optimally be of the order of 1 mW, which is not a difficult requirement to satisfy. Still, a high
seed power leaves more leeway in designing the preamplifiers as lossier components and
less powerful pump diodes can be selected.

From the engineering point of view, a seed laser candidate’s cost and compatibility with
the amplifiers’ fiber-based design must also be evaluated. In the scientific literature, many
fiber-based CPA systems use bulk solid-state lasers as their seed sources [19, 43, 61].
The technology of bulk solid-state lasers is mature, and these lasers generally offer excel-
lent performance, specifically in terms of a high pulse energy and a short pulse duration,
which explains their popularity in academic work aiming to overtake earlier performance
records. However, using a fiber-based seed laser offers some tangible benefits for a
commercial CPA system not solely focused on performance. For example, using a bulk
solid state laser as seed necessarily makes the laser system more susceptible to align-
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ment issues since the free space seed beam must be coupled into the single-mode fiber
amplifiers. Second, a fiber laser is relatively cheap, robust and quick to assemble from
commercial components once the design has been fixed. A fiber laser fits into a small
volume and does not require servicing due to optical misalignment. For these reasons,
the laser system described in this thesis uses a fiber-based seed laser. A fiber-coupled
gain-switched diode laser would have similar benefits but was rejected because of its
poor pulse quality. In the future, a diode laser could possibly be used with extensive
pulse shaping.

There are numerous possible designs for ultrafast fiber lasers at 1 um. The most im-
portant differentiating factors among them are the polarization state and dispersion in
the cavity as well as the mode-locking technique. For reliable long-term operation, the
seed laser should be built with polarization maintaining fibers. Otherwise environmental
changes such as temperature fluctuations would disturb the polarization state in the cav-
ity, destabilizing the laser. For the sake of reliability, the laser should also minimize the
use of free-space sections, preferring fiber-coupled micro-optical components instead.

Ultrafast fiber laser cavities are divided into different categories based on their cavity dis-
persion. Soliton fiber lasers have cavities with exclusively negative dispersion. Building
a soliton fiber laser at 1 um is not possible since optical fibers exhibit positive dispersion,
which tends to broaden the propagating pulse together with SPM. However, the over-
all cavity dispersion can be made close to zero or negative by adding an element with
strong negative dispersion, such as a chirped fiber Bragg grating, into the cavity. Such
cavities are called stretched-pulse or dispersion-managed fiber lasers. Relatively recently
in 2006, it was demonstrated that a dispersion compensating element is not required if
the cavity contains a spectral filter instead [62]. The filter shortens the pulse by cutting
the extreme wavelengths from its spectrum, which correspond to the pulse’s edges in
time domain. This kind of all-normal-dispersion (AND:i) fiber laser is appealing owing to
its simplicity and cost-efficiency while also being able to generate high-energy pulses.
Therefore, an ANDi design was selected for the seed laser in this thesis.

The actual mode-locking methods used in ANDi lasers include nonlinear polarization ro-
tation (NPR) [62], nonlinear optical/amplifying loop mirror (NOLM/NALM) [63], Mamyshev
oscillator [64] and semiconductor saturable absorber mirror (SESAM) [65] based designs.
While the NPR technique can generate high quality pulses with broad spectra, it requires
that the polarization state can evolve inside the cavity, and the best designs typically use
a number of free space components for polarization adjustment. Therefore, NPR must
be ruled out based on the earlier reliability requirements. Mamyshev oscillator and NALM
designs would fulfill the general requirements, but we opted for a SESAM based design
because of our extensive experience with SESAM mode-locked fiber lasers.

A schematic of the experimentally built laser cavity is shown in fig. 3.2. Arriving at this
design was the result of testing numerous slightly different designs. Most of the details of
that work are excluded from this thesis to keep the focus on the chirped pulse amplifica-
tion. Instead, this section provides a short discussion on the design choices and the later



47

FC

SESAM

40% |\ 60%

Figure 3.2. The scheme of the experimentally realized mode-locked fiber seed laser.
LD = pump laser diode, WDM = wavelength division multiplexer, YDF = ytterbium-doped
fiber, FC = fused output coupler, Lyot = fiber based Lyot filter, BPF = micro-optical band
pass filter, CR = optical circulator

section 4.1.1 contains an overview of the output parameters of the seed pulses, which
together should be sufficient to understand how the seed laser works and relates to the
rest of the CPA system.

The demonstrated seed laser is a ring resonator made of mostly PM980 passive fiber with
the SESAM incorporated by means of an optical circulator. The circulator also enforces
a single propagation direction, which is clockwise in fig. 3.2. The laser is pumped by a
300 mW, 976 nm single-mode laser diode through a filter-based micro-optical wavelength
division multiplexer (WDM). The gain medium consists of 60 cm of Nufern PM-YSF-HI-
HP single-clad ytterbium-doped fiber. The laser’s output is located immediately after the
active fiber where the pulse energy is at its highest. The output coupling ratio is 60 %.
The output coupler is followed by a fiber based Lyot filter, which consists of a 26.5 cm long
section of PM980 spliced at 45° angles on both sides. The incoming linearly polarized
light gets divided equally between the slow and fast axis polarization states that then ac-
cumulate a phase difference due to the fiber’s birefringence. The wavelength-dependent
phase difference determines whether a certain spectral component ends up in the slow or
fast axis after the 26.5 cm fiber section. The following component, the circulator, rejects
light in the fast axis, completing the Lyot filter, which has a periodic sinusoidal transmis-
sion spectrum. A number of different Lyot filters were fabricated on a trial and error basis
until one with 1040-1041 nm central wavelength and approximately 10 nm peak-to-peak
distance was realized. Since the Lyot filter has a transmission maximum also at 1030 nm,
the laser originally tended to operate at both wavelengths simultaneously. To avoid this, a
flat tunable band pass filter was inserted into the cavity after the circulator. The flat filter's
pass band was tuned to be approximately 10 nm wide centered at 1040 nm to eliminate
the 1030 nm operation. This cavity generated pulses with 5.4 nm spectral FWHM. More
detailed experimental data measured for the seed laser is presented in chapter 4.

Originally, the laser was built with only a rectangular filter with 5 nm bandwidth. This, how-
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ever, resulted in narrow spectra of roughly 1 nm full-width-at-half-maximum, insufficient to
obtain sub picosecond pulses even with perfect compression. The Lyot filter's smoother
spectral shape worked much better in this regard. Qualitatively, the difference between
the filters is somehow understandable since the 5nm filter would not clip the edges of
the spectrum (and the time domain pulse) unless the input spectrum were broader than
the bandwidth, while the smooth Lyot filter always attenuates the edges more than the
center of the pulse. However, no numerical modelling was conducted on the seed laser
to confirm this effect.

The designed seed laser has two disadvantages concerning its stability. The first is the
Lyot filter section, in which light is not linearly polarized and environmental disturbances
can affect its polarization state. Therefore, the Lyot filter should be carefully packaged
to ensure reliable operation. The second issue is the butt coupled SESAM, which has
two distinct problems. For packaging the seed laser, the SESAM has to be fixed so that
its fiber coupling does not deteriorate. Additionally, the SESAM its might degrade over
time due to interacting with high-energy pulses. These issues were not considered more
deeply in the context of this thesis, but they would require further engineering to make
the laser viable outside of a lab environment.

3.2 Pulse stretcher and compressor

Selecting the stretcher and the compressor is a major decision in building a CPA sys-
tem, and these two elements must necessarily be discussed together. In principle, the
maximum peak power obtainable from a nonlinearity-limited CPA system is directly pro-
portional to the stretched pulse duration so that a given power amplifier can be made to
generate more energetic pulses simply by stretching the pulses more. In practice, phys-
ical limitations in the stretcher and compressor discourage extremely large stretching
ratios, because the dispersion they can provide is proportional to their physical size and
large gratings (whether bulk, FBG or VBG) are both difficult to handle and expensive to
fabricate. Therefore, a compromise must be reached between the targeted output peak
power, the stretching ratio, and the ampilifier’s capability to avoid nonlinear effects.

The first decision when selecting a stretcher and a compressor is which of them should
have negative and which positive dispersion. Based on the physics of pulse propagation,
it does not matter if the seed pulse is stretched with positive dispersion and compressed
with negative dispersion or the other way around. In practice, the choice is easy and the
stretcher almost always has positive dispersion and the compressor negative dispersion.
This is dictated by the fact that the compressor, which interacts with the high-power out-
put beam, should contain as few bulk optical elements as possible and, in typical cases,
negative dispersion can be generated with a simpler configuration than positive disper-
sion. For example, the basic Treacy grating configuration or a prism pair provide negative
second order dispersion, while positive dispersion would require a more complex system
such as the Martinez grating pair, which would be susceptible to alignment errors and
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optical damage when working with the high-power output beam. Furthermore, optical
components specified for high-power operation are also more expensive than standard
ones, which is another reason to minimize their number. In the designed laser system,
the seed pulses are already positively chirped so stretching them with negative dispersion
would effectively require a stronger stretcher to first remove the existing chirp and then
add enough chirp of opposite sign. All these reasons make deciding the sign of disper-
sion simple in the end: the stretcher should have positive dispersion and the compressor
negative dispersion.

The next and less obvious decision concerns selecting a stretcher and a compressor from
the alternatives introduced in section 2.8. The requirement of high-power handling capa-
bility restricts the compressor choice significantly so it should be selected first. A fiber
Bragg grating cannot survive a high peak power, which would exceed the catastrophic
self-focusing limit in fibers. Therefore, a free-space optical solution must be found. A
volume Bragg grating is the closest free-space equivalent to a fiber Bragg grating and the
best option in terms of compactness and ease of alignment. Unfortunately, unlike FBGs
which are tunable, a VBG has a fixed dispersion and center wavelength, which is a major
drawback in prototype development when the required dispersion and the exact center
wavelength are not exactly known beforehand. The remaining tunable free space com-
pressor solutions include those based on prisms and bulk diffraction gratings. A prism
pair would have minimal losses with proper anti-reflection coatings, but it cannot gener-
ate large enough dispersion to compress a pulse from hundreds of picoseconds to sub
picosecond duration.

This leaves the grating pair in Treacy configuration as the only remaining option. Though
gratings are designed for a certain central wavelength, they can typically operate over
a relatively wide bandwidth of at least tens of nanometers. To minimize losses and the
chance to damage the gratings, fused silica transmission gratings should be used. Fused
silica has a high threshold for optical damage and the gratings can reach diffraction effi-
ciencies well in excess of 90 %. The compressor’s dispersion can be tuned by changing
the distance between the gratings and, slightly, the incidence angle. The amount of an-
gular dispersion a grating can produce depends on its grating period. The more closely
spaced the grating grooves are, the more strongly it can disperse the incident light. This
translates to a smaller grating separation and an overall more compact setup as long as
the grating period is larger than half of the wavelength so that diffraction takes place. Aim-
ing for a compact compressor, a pair of commercial gratings with 575 nm grating period
was chosen for the work in this thesis. The small grating period has, however, a dis-
advantage in increasing the compressor’s third order dispersion even more than second
order dispersion according to eq. (2.52), and compensating for that additional TOD must
take place earlier in the CPA system.

As for the stretcher, an in-fiber solution is highly preferable over free-space solutions to
limit alignment issues in the otherwise fiber-based seed and amplifier chain. This leaves
two options: a long spool of fiber and a fiber Bragg grating. Ordinary single-mode fiber,
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such as PM980, has positive dispersion at 1 um wavelength so a sufficient length of it can
be used to stretch an optical pulse that can then be compressed with the grating pair’s
negative dispersion. Tuning the fiber stretcher’s dispersion would be straightforward by
increasing or decreasing the fiber length, but this tuning is only possible when developing
the laser system, not while it is running. The fiber spool stretcher also has a severe
disadvantage: both it and the grating compressor have positive third order dispersion,
which when added together will limit the compression efficiency. There are specially
designed fibers with negative third order dispersion [66] but they are expensive and not
widespread and hence were dropped from consideration.

For this prototype system, a custom chirped fiber Bragg grating was chosen because of
its compactness, tunability and ability to compensate for the compressor’s third order dis-
persion. The CFBG has a second order dispersion of 67.1 ps. Reaching an equally high
dispersion with PM980 fiber would require an unpractically long fiber spool (almost 3 km),
which could have led to problems with SRS as well. Reaching an equivalent negative dis-
persion with the selected grating pair compressor requires a grating separation of 43cm
assuming Littrow incidence angle. The FBG stretcher also provides negative third order
dispersion, which can negate pre-compensate for the positive third order dispersion in the
compressor. Both dispersion components in the stretcher are also electronically tunable
within a small range, which will greatly simplify optimizing the compression efficiency in
the real-world setup.

While the compressor is self-evidently the final element of the CPA system, there is in
principle some freedom in the placement of the stretcher. If the seed laser generated
a very low pulse energy, it might make sense to amplify the pulses before the lossy
stretcher. In this case, the designed ANDi seed laser generates energetic pulses, which
would start accumulating nonlinear phase shift during a propagation in a long fiber so it
makes sense to place the CFBG stretcher immediately after the seed and before the first
preamplifier to avoid the nonlinearity.

3.3 Preamplifier 1

After the stretcher, the design includes a single-mode fiber amplifier to overcompensate
for the stretcher’s losses. The preamplifier is a simple one with a 976 nm pump diode, a
wavelength division multiplexer, a piece of highly Yb-doped active fiber and an isolator,
and as such does not warrant special discussion. The scheme is shown later together
with the modelling parameters in fig. 4.7.

The fiber lengths in the first preamplifier are too short to provide significant dispersion,
and the peak power is too low to cause any nonlinear effects. This preamplifier is actually
the least meaningful element in the CPA system but was included to provide flexibility
against unpredictable seed power and possibly lossy components. With limited seed
power, the two-stage preamplification helps to limit ASE generation in the preamplifiers,
which must be kept low because CW ASE light entering the final power amplifier would
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rob gain from the pulsed signal. As long as ASE is not too strong, the CPA system could
be simplified by using a single preamplifier, the second one.

3.4 Pulse picker

The next element in the CPA system is the pulse picker, which is a fast optical switch that
can selectively block most pulses but transmit every nth pulse to reduce the repetition
rate. The required switching speed depends on the pulse repetition rate at the input
of the pulse picker, which must be able to switch within the time interval between two
consecutive pulses. With mode-locked fiber lasers typically generating pulse trains at
tens of MHz repetition frequencies, the pulse picker must be able to switch from off to
on state roughly within 10 ns in continuous operation. The standard technology used
in pulse pickers is the acousto-optic modulator (AOM), in which the presence of an RF
acoustic wave in crystalline material in the on state is used deflect a propagating beam to
the output while, in the off state, the undeflected beam is absorbed inside. This working
principle is illustrated in fig. 3.3.
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Figure 3.3. The working principle of an acousto-optic modulator: An RF acoustic wave
travelling in a crystal such as TeO. causes a slight index grating in the material, which
then diffracts a propagating beam to a slightly different direction. The rise and fall time of
the AOM depends on how tightly the beam is focused and on the speed of the acoustic
waves in the crystal.

Electro-optic amplitude modulators can reach similarly fast switching times, but the re-
quired kV-class voltages and lower duty cycles make them unappealing. Therefore, the
choice to use an AOM is clear. A fiber-coupled AOM was selected for the CPA system to
avoid free space alignment issues.

3.5 Preamplifier 2

After the lossy pulse picker, a second preamplifier is required to boost the pulse train’s
average power to the order of 10 mW for amplification in the tapered power amplifier. Be-
cause of the low power requirement, a relatively standard core-pumped single-mode fiber
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amplifier can be used for the purpose instead of a double-clad fiber amplifier. As such,
the preamplifier design is rather uninteresting and does not warrant a lengthy discussion.
The scheme of the second preamplifier is shown in the next chapter in fig. 4.15 together
with the numerical simulations.

At 1 MHz repetition rate, the targeted pulse energy of >10nJ still becomes quite high for
single-mode fiber so the preamplifier must be designed to avoid nonlinear phase shift.
This is taken into account by using fibers that are still single-mode but have larger cores
of roughly 10 um in diameter and lower numerical apertures than in the first preamplifier.
Additionally, backward pumping direction is chosen so that amplification mostly takes
place near the output end of the active fiber.

The output of the second preamplifier contains a couple of components different from the
first preamplifier. First, a band pass filter is added to block amplified spontaneous emis-
sion that might seed stimulated Raman scattering in the tapered amplifier and, second,
a high-power version of the isolator is selected to protect the preamplifier from feedback
from the taper.

3.6 Tapered fiber power amplifier

Tapered optical fibers occupy a small niche in the field of fiber optics, being specialized
for high-peak power and narrow-linewidth applications where nonlinear effects are the
limiting factor. Tapered fibers in general have a longitudinally varying diameter but there
is an important distinction to be made between tapered fibers realized by heating and
stretching an existing fiber and those fabricated by changing the drawing speed when
the fiber is drawn from the preform. The fibers in the first category are thinner than the
commercial uniform fibers from which they were made while the fibers in the second cat-
egory are typically thicker than uniform fibers at one end. The tapered fiber in this thesis
naturally belongs to the latter category. More specifically, the tapered fiber constitutes
the laser active medium in the final power amplifier and, for this purpose, it is doped with
ytterbium and contains a pump cladding as well as stress rods for PM operation.

Even though no alternative fiber types were considered for the CPA system, it is worth
detailing the strengths and weaknesses of tapered double-clad fibers compared to com-
peting solutions for this kind of application. Tapered fibers’ most important advantage is
simplicity. A tapered fiber has a narrow end designed to be compatible with standard
single-mode fibers and can therefore be readily spliced to a signal input fiber. In contrast,
a uniform LMA fiber amplifier requires a special mode-field adapter or free-space optics
to efficiently couple single-mode light into the fiber core. In tapered fibers, only the output
end has a large core size but that is exactly the part of the fiber where peak power is high
so the fiber design can still efficiently reduce peak intensity and nonlinear effects. The
gradual increase in the diameter of a tapered fiber can preserve the single-transverse-
mode operation during propagation and allow near-diffraction-limited output beam from
the effectively multi-mode core at the wide end of the taper. The thick output end of a
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taper also allows powerful multi-mode pump radiation to be coupled in.

A more subtle benefit of the gradually increasing core size is that the saturation power,
which determines the signal power required to effectively extract the stored energy via
stimulated emission, also grows from the narrow end to the thick end. For this reason,
the input power to a tapered amplifier can be of the order of 1-10 mW and the amplifier can
still reach an output power of 10-100 W with a gain of 30-40 dB or higher. A comparable
uniform fiber amplifier would require at least on order of magnitude higher input power to
extract the same energy from the fiber. In a tapered fiber amplifier, the signal is amplified
to this level internally in the narrow input end. In short, a tapered fiber amplifier can at
best replace two traditional fiber amplifiers in a fiber laser system.

Where tapered double-clad fibers lag behind the competing technologies is in the fiber's
absolute mode field area and consequently the maximum peak power handling capability.
Especially photonic crystal fibers can provide very large mode field areas, for example
8600 um? reported in [19], which is an order of magnitude higher than that of a typical ta-
pered fiber. Obtaining world record peak powers is therefore unrealistic with tapered fiber
amplifiers. However, the above-mentioned benefits in handling and system integration
make them attractive options in many applications where their performance is adequate.

The most complex part of a practical tapered fiber amplifier is the pump coupling. Though
the fiber could in principle be pumped from either end, only backward pumping makes
sense since strong amplification in the narrow end would greatly enhance nonlinear ef-
fects. Therefore, pump light from a multi-mode laser diode’s output fiber is coupled into
the taper in free space as shown in fig. 3.4. Using free space pumping instead of a pump
combiner means that the amplified pulses do not propagate and accumulate nonlinear
phase in a passive output fiber. Realistically speaking, commercial combiners do not
even exist for the 40-50 um output core diameter.
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Figure 3.4. The scheme of the free space optics for collimating the signal beam and
coupling the multimode pump beam into the tapered fiber’s cladding. DF = dichroic filter,
MM = multimode pump fiber

The pump coupling setup includes collimation lenses for both pump and signal light. A
dichroic filter separates the output signal beam from the input pump beam, while the
signal collimation lens also focuses the pump light onto the taper’s end face. To avoid
beam quality degradation, aspheric lenses must be used, and it is beneficial to choose a
rather long focal length of >10 mm for the signal lens to make the generated beam larger
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and less divergent.

Other design concerns include the tapered fiber’'s core-to-cladding ratio and longitudinal
thickness profile, but in this regard tapered double-clad fibers do not differ greatly from
normal LMA double-clad fibers, and the same principles hold for both. Using a smaller
cladding restricts the amount of pump power that can be coupled into the fiber but at
the same time improves pump absorption in the core, allowing for a shorter fiber length
and lower nonlinearity. Strong pump absorption is especially important for short wave-
length 1030 nm operation, which requires relatively high excitation to obtain positive gain.
In contrast, long-wavelength operation might suffer from excessive 1030 nm ASE if ex-
citation is too high. In terms of the longitudinal profile, a large core is always better in
avoiding nonlinearity so the diameter of the taper should rise relatively rapidly from the
input single-mode fiber thickness towards tens of nanometers. The rise must not be too
fast, however, or the output beam quality will suffer from coupling to high-order modes
within the transition region.

3.7 Electronics and mechanics

This thesis concentrates on the physics and fiber optics side of the CPA system, but it
is worth noting that some additional mechanical and electrical engineering is necessary
for realizing such a laser system in practice. All the laser diodes need drivers, which are
optimally computer controllable. The AOM pulse picker requires additional electronics
that use a monitor photodiode to synchronize with the incoming pulse train and generate
the correct driving signal. Other monitor diodes and possibly thermocouples should act
as failsafe to shut down the laser system in case of abnormal operation. The power
amplifier, including the tapered fiber, the multimode pump diodes, and the pump coupling
optics must be actively cooled to maintain constant temperature and output power and to
avoid damage due to overheating. All these things require real engineering work that is
not considered here in any detail.
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4 EVALUATION OF THE DESIGN BY NUMERICAL
SIMULATIONS

This chapter presents numerical simulations of the complete designed CPA laser system
starting from the pulses generated by the seed laser and ending with the compressed
pulses after the gratings. In effect, the seed pulse is propagated computationally through
each piece of fiber and each component in the system. Gain in the active fibers is mod-
elled using rate equation simulations while the actual ultrashort pulse propagation is cal-
culated with the generalized nonlinear Schrédinger equation. Since the components for
this laser system design actually exist, the simulations strive to use their realistic parame-
ters from their datasheets where possible. Some starting parameters were unfortunately
unavailable and have been substituted by educated guesses or estimates. The text states
clearly the points where this has been necessary. Similarly, some physical effects or de-
tails are beyond the scope of this thesis either because of the difficulty in implementing
them or, more commonly, because of their impact on the modelling results was consid-
ered very limited. The text also includes a mention wherever the physical model could be
improved by considering those additional effects.

The first half of this chapter goes through the laser design piece by piece in sequential
order to show how each part is modelled and how it affects the pulse propagating through
it. For this purpose, the simulation uses the seed pulse from the experimentally build
mode-locked fiber laser, which allows evaluating the seed laser’s suitability for the CPA
system at the same time. After the component-by-component analysis, the model for the
complete system is used to study the effect of tuning the amplifiers’ pump currents and
the stretcher’s dispersion as well as using a Gaussian seed pulse.

The ultrafast pulse is described numerically as an array of complex numbers correspond-
ing to the discretized complex amplitude in either the spectral or time domain. As men-
tioned in section 2.5.3, the two descriptions are equivalent, and it is possible to switch be-
tween them by Fourier transforming. This also has a practical consequence as it means
that the scales of the simulation arrays in time and spectral domain are similarly linked.
The table below table 4.1 shows the parameters of the simulation arrays used in all the
ultrafast simulations in this chapter. The spectral domain is presented as using wave-
length units for convenience, though in reality the simulation array consists of equally
spaced points in frequency and the wavelength resolution varies slightly from the low to
high-frequency side of the array.
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Table 4.1. The time and wavelength ranges and resolutions used in the discretized
GNLSE simulation arrays.

Parameters of the pulse simulation array

Time resolution 72fs
Time range 1.2ns
Wavelength resolution 3.1pm
Wavelength range 50nm
Center wavelength 1040 nm
Number of points 16384

The parameters are determined by the requirement to model both stretched and com-
pressed pulses in the CPA system. First, the time window must be long enough to ac-
commodate a pulse hundreds of picoseconds long so that no energy can escape from
the window to the sides, whereupon it would appear on the other side, distorting the
simulation results. At the same time, the time grid must be dense enough to describe
a compressed sub-picosecond pulse. In this case, a <100fs resolution is acceptable
given that the seed’s spectral width (see section 4.1.1) is too narrow to support <0.5 ps
pulses. The number of data points is typically set as a power of two to leverage the
most efficient fast Fourier transform (FFT) algorithms. Consequently, the best choice is
214 points, which leads to a time resolution of 72fs. The spectral range and resolution
follow from the time domain parameters as expected with the Fourier transform. No-
tably, the spectral range excludes wavelengths around 1090 nm where stimulated Raman
scattering would appear. This is a conscious decision to reduce the computational load
and based on the following reasons. The simulations presented in this chapter suggest
that poor pulse compression due to self-phase modulation becomes the limiting factor
of the CPA system earlier than significant SRS is expected to be generated based on
experiments. The second reason to exclude Raman wavelengths is that modelling SRS
accurately in a fiber amplifier is simply difficult as it also requires accurate modelling of
background noise caused by amplified spontaneous emission and spontaneous Raman
scattering, because these provide the seed signal for SRS.
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4.1 Pulse propagation through the CPA system

This section describes the CPA system is modelled numerically to propagate a seed pulse
from the experimental laser through the system, and how each component modifies the
pulse between its input and output.

4.1.1 Seed laser

The seed laser is an experimentally realized mode-locked PM all-normal-dispersion fiber
laser generating an average output power of 30.6 mW at the repetition rate of 35.8 MHz.
This translates to a pulse energy of 0.85nJ. The measured spectrum of the seed pulse
is shown on the right in fig. 4.1. There is a minor caveat: the spectrum has been
shifted slightly from the original center wavelength of 1040.7 nm to be centered at ex-
actly 1040 nm, which is the stretcher’s wavelength and a nicer center wavelength for the
figures. Since the seed laser’s wavelength is determined by the tunable spectral filters in
the cavity, it could even in reality be tuned to 1040 nm even though the measured spec-
trum happens to be for 1040.7 nm. The spectrum is 5.4 nm wide (FWHM) and has sharp
edges typical for ANDi lasers. On the top, the spectral shape is irregular possibly because
of some polarization filtering effect in the cavity. In addition to the spectrum and output
power, the seed’s autocorrelation was measured and is shown in fig. 4.2.
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Figure 4.1. The pulse used as a starting point of the numerical simulations. Left: The
spectrum of the seed pulse. Right: The pulse shape calculated by Fourier transforming
the spectrum assuming constant spectral phase. Starting dispersion has not yet been
applied to the pulse. The phase has only been drawn where the power is greater than
0.5 % of the maximum since phase fluctuates greatly and has no meaning when the
power is close to zero.
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Figure 4.2. The measured seed autocorrelation and the best simulated fit based on
adding second and third order dispersion to the pulse shape in fig. 4.1. The optimal
second and third order dispersion values are ¢, = 1.31ps? and 3 = —0.0162ps°.

The complete numerical description of the pulse requires the knowledge of the pulse’s
complex electric field envelope. However, that information cannot be obtained solely
from spectrum and autocorrelation measurements. In the absence of a possibility to
completely characterize the seed pulse, for example with the frequency-resolved optical
gating technique [67], this is the first point where estimation is required. The pulse is
not transform-limited like the one shown on the right in fig. 4.1 since the experimentally
measured autocorrelation width is 12.4 ps. Instead, the pulse is expected to be positively
chirped coming from an all-normal-dispersion fiber laser.

A rough way to estimate the chirp of the seed pulse based on the inadequate experi-
mental data is to take the spectrum as the starting point and apply dispersion until the
autocorrelation calculated from the spectrum best matches the measured autocorrela-
tion. To limit the complexity of this procedure, the simulation only adds second and third
order dispersion to the pulse. Numerical optimization with this restriction leads to the
autocorrelation shown in fig. 4.2 together with the original measured autocorrelation.

The two autocorrelations have similar widths but overall, the fit quality is not particularly
good with the computed result being much more triangular than the measured one. We
must conclude that the seed pulse must have a more complex spectral phase that is
impossible to estimate accurately. This does not matter greatly since the pulse shape in
the amplifiers will mostly be determined by the spectral shape and the stretcher’s massive
dispersion.

The actual pulse corresponding to the optimized autocorrelation is shown in fig. 4.3. lts
temporal profile is irregular mirroring the uneven spectral shape. The negative effect
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of the spectral shape will become evident later when assessing the performance of the
complete CPA system.
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Figure 4.3. The seed pulse from fig. 4.1 after applying the second and third order disper-
sion obtained from fitting the autocorrelation. The resulting pulse is modestly positively
chirped.

The energy of the pulse has been scaled to match the experimentally measured pulse
energy, leading to a peak power of roughly 100 W. Other parameters of the chirped seed
pulse are briefly summarized in table 4.2.

Table 4.2. Parameters of the chirped seed pulse shown in fig. 4.3.

Energy 0.85ndJ
Peak power 105W

Time duration (FWHM)  10.6ps
Spectral width (FWHM) 5.4 nm

Time-bandwidth product 15.8

This pulse is used to seed the following amplifier chain. All the components will transform
the pulse somehow and the modified pulse shape and spectrum will be shown after each
functional part of the laser system (i.e. after the stretcher, pulse picker, each amplifier
and finally, after the compressor) but not after each piece of fiber or single component
since most of them do not modify the pulse noticeably.
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4.1.2 Stretcher

After the seed laser, the pulse is stretched in a tunable chirped FBG to reduce its peak
power and to prevent it from accumulating nonlinear phase shift in the amplifier stages.
The FBG has a nonlinear chirp to better compensate for the third order dispersion in
the fibers and the final grating compressor. Since the FBG is a reflective component, a
circulator is required to incorporate it in the laser system. The whole stretcher is shown
schematically in fig. 4.4. Each port of the circulator as well as the FBG is assumed to have
a 25cm long passive PM980 fiber pigtail. Keeping the passive fibers as short as possible
is beneficial in pulsed amplification to avoid nonlinearity and additional dispersion. At the
same time, the fibers must be long enough for practical purposes to be spliced a couple
of times if the first splices fail for some reason. The 25 cm pigtail length is a compromise
reflecting this requirement and will be used for all other components in the system as
well.

== CFBG — pM980
50 cm
2.02 dB 2.26 dB

@

25 cm 25 cm
CR

Figure 4.4. A schematic of the stretcher assembly with the passive fiber lengths and the
circulator’s losses indicated. CR = optical circulator, CFBG = chirped fiber Bragg grating

The stretcher starts therefore with pulse propagation through a 25 cm section of passive
fiber, which is simulated using the GNLSE model. The parameters used for PM980 fiber
in the stretcher and the subsequent parts of the CPA system are shown in table 4.3.

Table 4.3. Parameters used fo model PM980 passive fiber at 1040 nm

Core diameter 6.0 um

Core NA 0.12

Second order dispersion 3, 2.3 - 10726 g2
Third order dispersion 33 4.4.10744 g3
Nonlinear effective area A.g 38 pm?
Nonlinear coefficient 4.0-10°W'm

The core diameter and NA are based on the fiber’s specification [68], the second and third
order dispersion values are taken from [69], the effective area is calculated from the fun-
damental Bessel mode shape assuming a step-index geometry with the listed core radius
and NA, and finally the nonlinear coefficient ~ is calculated based on the effective area
and the nonlinear index, which is assumed to be 2.5 - 1072° m2 W-' based on the values
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Figure 4.5. The reflection spectrum and group delay of the tunable chirped fiber Bragg
grating stretcher.

given in [23]. All parameter values are for 1040 nm and assumed to be constant over
the simulated wavelength range. This is a valid assumption since the pulse’s spectrum
is only roughly 5nm wide. The fiber’s background loss as well as splice losses between
similar single-mode fibers are neglected as insignificant both here and in the rest of this
chapter.

Next, the pulse enters the first port of the circulator, which is modelled as a lumped loss
of 2.02 dB between ports 1 & 2 and 2.26 dB loss between ports 2 & 3. The loss values
are based on the actual datasheet for the circulator. The circulator’s non-reciprocity also
isolates the seed laser from back reflections further down the fiber. The isolation is as-
sumed to be adequate and any backward propagating signals are not considered in this
model.

After the first pass through the circulator, the pulse propagates a further 50 cm in PM980
fiber (consisting of the both the circulator’s and the chirped fiber Bragg grating’s pigtails)
until it reaches the CFBG, which is the component that performs the stretching. The
CFBG is also considered as a lumped component with two functions, spectral filtering
(including loss) and dispersion. Both of these can be applied as transfer functions in
the spectral domain so their order of application does not matter. The filter shape is
modelled after the datasheet as a super-Gaussian function with a peak reflectance of 0.8
and full-width-at-half-maximum of 7 nm. The fiber Bragg grating’s dispersion consists of
the following static components: (8, = 67.1ps?, 83 = —0.856ps® and 8, = -0.039 ps*.
Additionally, the second and third order dispersion can be tuned by A3, = +3.51 ps?, and
ABs; = +0.915ps3. The stretcher’s response, i.e. filter profile and group delay at zero
tuning, is shown in fig. 4.5.
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Figure 4.6. Pulse shape and spectrum after propagating through the stretcher.

Table 4.4. Parameters of the pulse after the stretcher.

Energy: 0.25nJ
Peak power: 0.60W
Time duration (FWHM): 568 ps
Spectral width (FWHM):  5.4nm
Time-bandwidth product: 854

After the CFBG, the now stretched pulse propagates through the same 50 cm of PM980
back to the circulator’s second port, through the circulator (incurring lumped loss) and the
25 cm of the third port’s passive fiber. The pulse at this point is shown in fig. 4.6 and its
main parameters are listed in table 4.4.

The pulse energy has dropped to 0.25nJ due to losses in the circulator and the CFBG.
The pulse is now also massively positively chirped with a duration of almost 600 ps, which
has reduced its peak power to below 1 W. The strong positive dispersion has effectively
mapped the pulse’s spectral shape into time domain. For example, the narrow peak at
roughly 1038 nm in the spectrum has resulted in a similarly sharp peak at the trailing
edge of the pulse. If the stretcher had negative dispersion, this peak would naturally be
located at the leading edge. The spectral shape has not been affected since the FBG’s
reflection band was broader than the spectral width. Had the pulse’s spectrum been too
broad for the CFBG, part of it would have been clipped out.
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4.1.3 Preamplifier 1

The stretched pulse then enters the first preamplifier whose purpose is to boost the aver-
age power of the pulse train by an order of magnitude before the repetition rate is reduced
in the pulse picker. The preamplifier's design is based on 6/125 um Nufern PM-YSF-HI-
HP active fiber forward-pumped with a single-mode 200 mW, 976 nm pump diode. The
schematic with fiber lengths and component losses is shown in fig. 4.7.

Pump
LINL] 976 nm — PM980
200 mw YDF — PM-YSF-HI-HP

Lo |ISO |
_>
25 cm 50 cm 25 cm 48 cm 25 cmb——J25cm
0.27.dB Pump: 0.38 dB 227 dB
1% Signal: 0.47 dB

Figure 4.7. The scheme of the first preamplifier using 6 um core-pumped active fiber.
The fiber lengths and losses are indicated in the figure. FC = fused coupler (1/99), WDM
= wavelength division multiplexer, YDF = ytterbium-doped fiber, ISO = isolator

The first component is a 1 % fused coupler used to monitor input power, i.e. that the seed
and the stretcher are working properly. The second component is a filter-based micro-
optical wavelength division multiplexer, which couples pump light into the signal fiber.
The WDM is followed by a length of the Yb3*-doped active fiber, and the final component
in preamplifier 1 is an isolator, which protects the amplifier from backward propagating
power.

The active fiber’s parameters used in the modelling are shown in table 4.5

Table 4.5. Parameters used to model PM-YSF-HI-HP active fiber at 1040 nm

Core diameter 6.0 um

Core NA 0.11

Yb3+ doping concentration ~ 3.72-10%° 1/m3
Cross sections see fig. 2.2
Nonlinear effective area A.g 42 pm?

Nonlinear coefficient + 35.-103W-"'m-1

where the core radius and NA are from the manufacturer’s website [28] who also kindly
provided the doping concentration by email. The core material’s absorption and emission
cross sections were also available online and a spline interpolation fit to them was shown
in fig. 2.2. The dispersion values of the PM-YSF-HI-HP are assumed to be the same
as for PM980 in the absence of data. The nonlinear coefficient computed at 1040 nm is
slightly lower due to the lower NA and expanded mode area compared to PM980.

Before the ultrafast pulse can be numerically propagated through the amplifier, the active
fiber’s optimal length and excitation must be solved using rate equation simulations. Since
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Figure 4.8. Output power of the first preamplifier as a function of active fiber length
obtained from the rate equation simulations while keeping the signal and pump powers
constant. The optimum fiber length is 48 cm.

the signal’s repetition rate at 35.8 MHz is much higher than the inverse of the excited state
lifetime in Yb®*:silica (about 1 ms), the pulse train can be approximated as a CW signal
and simulated with the steady state rate equation model, which simplifies matters.

In this case, the steady state model comprised a total of 162 optical channels, including
one channel for the 1040 nm signal, one channel for the 976 nm forward pump beam
and 80 channels for both forward and backward propagating ASE light between 1000-
1080nm. For improved accuracy, the pulse’s spectrum could be divided into multiple
channels at slightly different wavelengths instead of using only a single channel but the
potential benefit was judged to be minor because gain does not vary that much within
5nm that this was not implemented. The rate equation approach also requires that the
spectral shape does not noticeably change during amplification due to nonlinear effects,
which is valid for the stretched pulse but pulses with higher peak power would require a
more complex approach. The steady state rate equation model first calculated the Bessel
mode shape of each channel (i.e. at each wavelength) and then based on that computed
the overlap integral and the gain and absorption coefficients in eq. (2.9). These were
then used to solve eq. (2.10) and eq. (2.12) to give the optical powers and ion excitation
at each point in the fiber. The input average power going into the active fiber was 7.6 mW
after the minor losses in the coupler and the WDM. Similarly, the WDM’s loss caused
the pump power going to the active fiber to be 183 mW instead of 200 mW. Multiple
simulations were run at different fiber lengths while keeping the signal and pump powers
constant to find the optimum active fiber length. The result is plotted in fig. 4.8.

The optimal fiber length giving the highest output power is 48cm. At lengths shorter
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Figure 4.9. Optical powers and Yb3* ion excitation in the first preamplifier at optimal fiber
length for 7.6 mW, 1040 nm signal and 200 mW, 976 nm pumping. ASE is too weak to be
visible.

than that, pump light has not been completely absorbed so using a shorter fiber would
effectively mean a drastically lower available output power. At longer lengths, there is
no pump light left so the 1040 nm signal starts to be reabsorbed. However, the rela-
tively strong >100 mW signal can easily saturate the rather weak absorption and, for that
reason, reabsorption causes only a modest downward slope in output power.

The optimum fiber length applies only for the constant pump and signal powers used in
the calculations. While the maximum pump power is indeed fixed, and the fiber should
be able to absorb it completely, the signal power could vary more easily. If the signal
were stronger, a shorter length of fiber would be enough to transfer pump power to signal
power, and the signal would experience some reabsorption loss in the rest of the fiber,
which would not be too harmful due to the saturation of reabsorption. However, if the input
signal were weaker, a longer fiber would be required, so a part of the pump light would
pass through unabsorbed when using the fiber length optimized for a stronger signal. As
missing gain due to unabsorbed pump is much worse than weak reabsorption, the active
fiber length should generally be optimized for the weakest anticipated input signal for best
operation at different input powers. In this thesis, only the single input signal strength is
considered for simplicity, but the design of a real-world fiber laser system would require
more care in this regard. The results of the optimum simulation for the used input signal
are shown in greater detail in fig. 4.9.

The figure shows that all the pump is indeed absorbed until the fiber end and that signal
reaches its maximum power there. ASE is unsurprisingly weak given the modest 12.7 dB
gain in the amplifier and will not be considered in the ultrafast simulation. The most
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Figure 4.10. The simulated slope efficiency of the first preamplifier at 48 cm fiber length
is 43.6 %.

useful result of this simulation is the ion excitation marked with the blue dashed line since
it can be used to calculate gain and absorption at any wavelength. Naturally, though, the
excitation would no longer be valid if the signals propagating in the fiber would change
considerably.

Knowing the optimal fiber length, the pump power can now be tuned to find the slope
efficiency of the amplifier. To be realistic, this calculation must take into account all the
losses in the amplifier’s various components, not just what happens inside the active fiber
where the low quantum defect leads to an excellent conversion efficiency. The results of
the slope efficiency simulations are shown in fig. 4.10. The maximum output power from
the amplifier is 83.6 mW after the losses in the isolator, compared to the 141 mW directly
after the active fiber in fig. 4.9. This brings the slope efficiency down to an experimentally
more realistic value of 43.6 %.

To move towards the ultrafast simulation, the excitation from the maximum pump power
(200 mW) and optimal fiber length (48 cm) result was used to calculate the net gain in the
active fiber at each of the 2'* wavelengths in the propagating pulse’s simulation window
and at each point in the fiber. To avoid calculating the Bessel mode shape 2'* times for as
many different wavelengths, the overlap integral I" was set constant at its 1040 nm value
of 0.739. A slightly more accurate method would be to calculate the overlap integral for
perhaps 100 wavelengths and then interpolate the results to cover the densely spaced
214 wavelengths. The result of the net gain calculation is shown in fig. 4.11.

Longitudinally, gain is clearly highest at the start of the fiber, consistent with forward
pumping. Since this is the optimum fiber length for 1040 nm signal, gain at 1040 nm is
exactly zero at the output end of the fiber where the light red and blue regions meet. A
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Figure 4.11. Net gain in the first preamplifier at each wavelength and longitudinal position
at 200 mW pumping.

shorter fiber would have meant missing out on some gain while a longer fiber would have
led to reabsorption. Despite the weak reabsorption at the end for wavelengths shorter
than 1040 nm, the figure shows that they will experience overall higher gain in the fiber
than longer wavelengths owing to the high excitation in the first three fifths of the fiber. In
the ultrafast simulation, this can be expected to manifest as gain narrowing of the signal
spectrum.

The newly calculated gain values were then used in the GNLSE model to propagate the
ultrafast pulse through the first preampilifier, including the passive fibers and component
losses in their correct order. The resulting pulse at the output is shown in fig. 4.12 and its
parameters are listed in table 4.6.

Table 4.6. Parameters of the simulated pulse after the first preamplifier.

Pulse after preamplifier 1

Energy 2.38nJ
Peak power 6.35W
Time duration (FWHM) 465 ps
Spectral width (FWHM)  4.12nm
Time-bandwidth product 531

The pulse energy after the preamplifier is 2.38 nd. The total average power calculated by
multiplying the pulse energy by the repetition rate is 85.3 mW, which is in good agreement
with the 83.6 mW power from the rate equation model. The slight increase in output power
is caused by the 1038 nm spectral peak accumulating higher gain than the rate equation
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Figure 4.12. Pulse shape and spectrum after propagating through the first preamplifier.

model predicts for the 1040 nm signal. Still, the similarity of the output powers suggests
that the spectrum does not change too much during amplification to render the chosen
simulation method invalid.

The absence of SPM is also clear by looking at the spectrum, since the only effect on its
shape is slight narrowing due to unequal gain. The simulated total B-integral accumulated
in the first preamplifier is only 28 mrad, which also confirms that nonlinearity does not play
any role at this peak power level and these fiber lengths yet. The stretched pulse shape
in time domain, which closely mirrors the spectrum, shows equal narrowing caused by
the sharp peak (which contains the 1038 nm light) receiving more gain than the rest
of the pulse. The spectral and temporal narrowing indicated by the FWHM values in
table 4.6 exaggerates the change in pulse shape. For example, the pulse duration has
decreased from 568 ps after the stretcher to only 465ps now which would suggest a
major change not visible in fig. 4.12 but this is only because the pulse’s leading edge is
now slightly below the 50 % threshold and not counted in the FWHM calculation. In this
sense, reporting the time window that contains 95 % of the total energy would perhaps
be a more accurate method of quantifying the width of an irregular pulse like this.

4.1.4 Pulse picker

The next part of the CPA system is the pulse picker, which gates the pulse train in time
domain and effectively reduces its repetition frequency for the purpose of reaching higher
pulse energies with the average power divided between fewer pulses.

The scheme is shown in fig. 4.13 and includes the acousto-optic modulator (whose high-
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Figure 4.13. Scheme of the pulse picker including the passive fiber lengths and compo-
nent losses. AOM = acousto-optic modulator, FC = fused coupler (1/99)
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Figure 4.14. The simulated pulse shape and spectrum after the pulse picker.

power RF driver and control electronics are omitted) and a 1 % monitor coupler to observe
the output repetition frequency. Again, fiber lengths and excess losses of the components
are indicated in the figure. The AOM is modelled as lumped loss followed by a change
in repetition rate (the exact order does not matter in reality). The loss in fig. 4.13 refers
to the loss suffered by transmitted pulses, while the rejected pulses are assumed to be
totally eliminated, which is valid as long as the AOM is fast enough.

In this scheme, the repetition rate is dropped from the original 35.8 MHz to 1 MHz. Exactly
speaking, it is impossible to pulse-pick a 1 MHz pulse train from a 35.8 MHz one but the
closest one can get (by transmitting every 36th pulse) is very close at 0.994 MHz. The
difference being so minimal, the final repetition rate has been rounded to 1 MHz in the
calculations. The drop in average power due to rejected pulses is also calculated based
on the fraction of 1/35.8.

Given the short fiber lengths and the absence of highly dispersive components, the pulse
shape can be expected to be mostly unchanged after the pulse picker. For the sake of
completeness, the output pulse is still shown in fig. 4.14 and its parameters are listed in
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Table 4.7. Parameters of the simulated pulse after the pulse picker.

Energy 0.98nd
Peak power 2.62W
Time duration (FWHM)  465ps
Spectral width (FWHM)  4.12nm
Time-bandwidth product 531

table 4.7. The only real change is in pulse energy and peak power, which have decreased
due to the losses. Average power has dropped even more due to the reduced repetition
rate to 0.98 mW.

4.1.5 Preamplifier 2

Next, the pulse arrives in the second preamplifier, whose purpose is to boost the pulse
energy to tens of nanojoules before amplification in the large-mode-area tapered power
amplifier. Since the peak power becomes relatively high for single-mode fiber, the second
preamplifier is designed in counter-pumped configuration where most of the amplification
takes place at the output end of the active fiber. Additionally, Nufern PLMA-YSF-10-125
single-clad active fiber with 10 um core diameter and corresponding PM1060L passive
fiber with 8.5 um core diameter were selected for this amplifier to avoid nonlinear effects.
The scheme of the second preamplifier is shown in fig. 4.15 and the fiber parameters
used in modelling in table 4.8 and table 4.9.

Pump

976 nm J<—

300 mW | — PM980

[ ] — PM1060L
06048\ | PUMPISO  — pI MAYSF-10/125
YDF A

6-8.5um
splice ! g ig i > WDM i BPF ISO
—150cm
1dB25¢cm 60cm 25 cm 50 cm 50 cm L2

Pump: 0.73 dB 0.65dB 0.30 dB
Signal: 0.21 dB 1%

Figure 4.15. The scheme of the second preamplifier, which is counter-pumped and
based on LMA single-mode fibers. BPF = band pass filter, other labels like before

The first significant point in the scheme is the splice from the 6 um PM980 fiber to the
8.5um PM1060L fiber. Because of the large mismatch between the fibers’ geometries,
there is going to be significant loss at the splice unless a mode field adapter is used to
match the mode shapes. Experimentally, splicing the fibers normally causes a loss of
roughly 25 % (1dB). However, as both fibers are single-mode, there is no loss of beam
quality associated with the mismatched splice and the absolute power drop is small and
can therefore be tolerated. As a result, the modelling assumes a "naive" splice without a
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Table 4.8. Parameters used for modelling PM1060L passive fiber in the second pream-
plifier at 1040 nm.

Core diameter 8.5um

Core NA 0.085

Second order dispersion 3, 2.3 - 10726 g2
Third order dispersion 33 4.4.107% g8
Nonlinear effective area A.g 75 pm?
Nonlinear coefficient 2.0-10°W'm

Table 4.9. Parameters used for modelling PLMA-YSF-10/125 active fiber in the second
preamplifier at 1040 nm.

Core diameter 10 um

Core NA 0.075

Second order dispersion f;  2.3- 10726 g2
Third order dispersion /33 4.4.107%¢3
Nonlinear effective area A.¢ 99 pm?
Nonlinear coefficient ~ 1.5-10°3W'm
Yb3+ doping concentration ~ 3.72-102°m™3
Cross sections see fig. 2.2

mode-field adapter, which would add to the cost of the system. In principle, there would
be some non-negligible splice loss between the passive and active fibers as well owing
to their different mode sizes but those minor losses are neglected here. Such additional
losses would be easily compensated even in a real-world CPA system by making the
preamplifier a bit more powerful.

The fiber parameters in table 4.8 and table 4.9 unfortunately include some guesswork
and estimation. The core diameters and numerical apertures are taken from the man-
ufacturer’s website [28] and used to calculate the mode shape and then the nonlinear
parameters as previously assuming step-index geometry. However, there is no data avail-
able on the fibers’ dispersion so PM980 dispersion values are used instead. In reality, one
would expect the dispersion to be weaker due to the larger core and lower NA reducing
the waveguide dispersion effect. Assuming a higher dispersion is therefore the worst
case scenario since the additional dispersion must be compensated at the compressor.
The active fiber's spectroscopic data and doping concentration are similarly unclear but
the simulation uses the same values used for PM-YSF-HI-HP, which should be close to
reality.

In total, the second preamplifier is slightly more complex than the first one. Being back-
ward pumped, it starts with the active fiber, followed by a filter based WDM used to couple
in pump light. The 976 nm wavelength-stabilized 300 MW pump diode is more powerful
than in the first amplifier since the gain requirement is also higher here. A pump isolator
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is included to protect the diode, but experimental tests would almost surely confirm that
it is unnecessary. The next component is a 12nm band pass filter centered at 1040 nm,
whose purpose is to avoid long-wavelength ASE light going into the tapered amplifier
where it might seed stimulated Raman scattering. In this numerical model, the effect of
the filter is just loss and an imperceptible reshaping of the spectrum since ASE noise is
only considered within each amplifier and Raman is not the limiting factor of the system
as hinted in the beginning of this chapter. After the filter, there is a high-power isolator
designed to block backward ASE from the power amplifier. Compared to the low-power
isolator, this one has a much lower loss of only 0.3dB, but the downside is its much
higher cost and bulkiness. Between the filter and the tapered fiber amplifier, there is a
1% monitor coupler for diagnostics and a cladding-mode stripper (CMS) made at the
splice between the taper and the passive fiber. The CMS is not shown in fig. 4.15 and
does not cause extra loss to the signal. The coupler’s monitor ports should be angle-
polished to avoid back reflection, especially towards the tapered amplifier but, as before,
back reflected signals are not considered in the numerical model.

From the modelling point of view, the second preamplifier is handled in much the same
way as the first preamplifier by first optimizing the active fiber length, followed by the
calculation of the active fiber’s ion excitation as well as the amplifier's slope efficiency at
the optimal fiber length using the CW rate equation model. The excitation is then used to
calculate net gain at each wavelength and at each point in the active fiber, and finally, the
ultrashort pulse is propagated through the whole amplifier using the GNLSE model.

Starting with the active fiber length optimization, the signal power reaching the active
fiber after the splice loss is 0.74 mW, while the pump light suffers losses both at the pump
isolator and at the WDM resulting in 221 mW being finally coupled into the active fiber. As
before, 80 channels of both forward and backward ASE were modelled in addition to the
signal and pump beams. The results of varying the fiber length are shown in fig. 4.16.

The optimum length is 60 cm, resulting in 60.6 MW output power at the end of the active
fiber. The shape of the curve is like the one presented for the first preamplifier but there
are some notable differences too. First, the output power is much lower here despite the
longer active fiber and higher available pump power. This is due to the weak input power
combined with the fiber’s larger core size, which makes it more difficult to saturate, leading
to more of the pump power being lost to spontaneous emission to maintain inversion in
the fiber. Similarly, the reabsorption loss, which takes place at the start of the active
fiber in this case, is also more severe here since the thicker fiber can absorb more signal
power before reabsorption is saturated. Again, in a real system, the fiber length and the
pump power should be selected based on the lowest possible input power, though only
the single input power is considered in this thesis. The power evolution and excitation
using 60 cm active fiber is shown in fig. 4.17.

The ytterbium excitation is high in most of the fiber expect at the very beginning where
the backward-propagating pump has been already depleted. Due to the low signal input
power, gain is rather high at 19.1 dB but not high enough to generate significant ASE at



73

60 -

mW)
6]
[6,]

(

N (5]
5] o
1 1

Output power
D
o

30 T T T T T T T T
45 50 55 60 65 70 75 80

Active fiber length (cm)

Figure 4.16. The output power of the second preamplifier as a function of active fiber
length obtained from the rate equation simulations while keeping signal and pump powers
constant. The optimum fiber length is 60 cm.
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Figure 4.17. The simulated optical powers and Yb3* ion excitation in the second pream-
plifier at 60 cm active fiber length and 300 mW pumping before pump losses.
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Figure 4.18. The simulated slope efficiency of the second preamplifier at 60 cm active
fiber length is 28.1 %.

the output since the total forward ASE power of 0.58 mW remains more than two orders
of magnitude below the signal power.

Next, the pump power was tuned while keeping the signal power and active fiber length
constant to find the slope efficiency of the amplifier. The results of that set of simulations
are shown in fig. 4.18. At low pump powers, the relationship between output power and
pump power is not linear since pump has not yet reached the input side of the active
fiber and, consequently, signal is still being absorbed there. When pump power is in-
creased, the signal absorption is reduced, and efficiency grows until the slope becomes
approximately linear at 28.1 %. It is notable, though, that the total conversion efficiency at
300 mW pump power and the corresponding 42.8 mW signal power after the components
is only 14 %.

To prepare for the GNLSE simulation, the ion excitation from fig. 4.17 was used to calcu-
late net gain in the second preamplifier at each wavelength of the pulse’s spectral window
and at each position in the fiber. The result is shown as contour plot in fig. 4.19. The fa-
miliar caveat applies that the overlap between signal and the ions was assumed constant
at its 1040 nm value of 0.803 to avoid calculating Bessel mode shapes for each of the 214
wavelengths.

Figure 4.19 shows that the start of the active fiber would absorb any signal at wavelengths
under 1040 nm, which is consistent with this being the optimal fiber length for exactly
1040 nm amplification. In the rest of the fiber, though, gain at around 1030 nm is much
stronger than at 1040 nm, which more than balances out the small initial absorption, and
which we can guess will lead to further gain-narrowing of the signal spectrum during
amplification.
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Figure 4.19. Net gain in the second preamplifier at 300 mW pumping at different wave-
lengths and positions.

Table 4.10. Parameters of the simulated pulse after the second preamplifier.

Energy 42.8nd
Peak power 134.7W
Time duration (FWHM) 138 ps
Spectral width (FWHM)  3.62nm
Time-bandwidth product 139

This is indeed what happens when looking at the pulse shape and spectrum after the
GNLSE pulse propagation through the whole second preamplifier presented in fig. 4.20
and at the pulse’s parameters listed in table 4.10. The short wavelength side of the pulse
has received so much more gain that the full-width-at-half-maximum pulse duration has
dropped to 138 ps and the spectral width to 3.62 nm. The drastic drop in the FWHM pulse
duration overemphasizes the change in pulse shape, though, since most of the pulse
energy resides in the broad part, which is now just under the half maximum value due to
stronger ampilification for the 1038 nm peak. The pulse energy going to the tapered fiber is
42.8 nd with 135 W peak power at the sharp peak. The average power calculated from the
pulse energy and repetition rate is 42.8 mW, which matches exactly the value predicted
by the rate equation simulation. The fact that there is no difference could possibly be
due to weak nonlinear broadening in the amplifier compensating for the gain narrowing.
In any case, this result justifies the use of the excitation values from the rate equation
simulation.

The GNLSE simulation also predicts that the pulse accumulates a non-negligible B-
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Figure 4.20. The simulated pulse shape and spectrum after the second preamplifier.

integral of 0.68 rad during its propagation in the second preamplifier. Therefore, selecting
large-mode-area single-mode fibers in the amplifier was the right choice as using 6 um
fibers would have made the B-integral approximately twice larger. The accumulated non-
linear phase (mostly by the sharp 1038 nm peak) is not yet visible in the spectrum but
it should optimally be reduced somehow when building the real laser system. One way
would be to use a smoother spectrum, which would not give rise to narrow peak in the
temporal shape after the stretcher. Also, the necessity of the band-pass filter and the
monitor coupler should be considered since removing either of them would reduce the
passive fiber length at the output of the second preamplifier by 50 cm and considerably
lower the B-integral. Pumping could also be reduced if a lower seed power can saturate
the tapered fiber amplifier. Pumping at 200 mW instead of 300 mW reduces the accu-
mulated B-integral in the second preamplifier to 0.23 rad but output power drops too to
15.5mW. Section 4.2 will evaluate the effect of reducing pump power from the whole
system’s perspective.

4.1.6 Tapered power amplifier

After the second preamplifier, the pulse enters the power amplifier based on tapered
double-clad fiber. The fiber used in these simulations is one from an earlier generation of
Ampliconyx tapers, which | have previously experimentally characterized. The longitudi-
nal thickness profile of the 4.27 m long taper is shown in fig. 4.21. The core diameter of
the taper varies from 13.5 um at the narrow side to 42 um at the wide side. The cladding
diameter at the wide side is 391 um measured with the Vytran glass processing machine,
resulting in a core-to-cladding diameter ratio of 0.107.
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Figure 4.21. The taper profile, i.e. core and cladding diameters vs. position in the tapered
fiber used in this thesis.

Table 4.11. Parameters used for modelling the tapered double-clad fiber at 1040 nm.

Core diameter 13.5-42um
Core-to-cladding ratio 0.107
Core NA: 0.08

Second order dispersion 3, 2.3 -10726 g2
Third order dispersion /33 4.4.104¢3
Nonlinear effective area Ay 128 - 800 um?

Nonlinear coefficient 1.2-10%-0.2-10°W-Tm™
Yb3+ doping concentration 6.7 - 102 1/m3
Cross sections see [70]

The taper’s parameters required for the numerical simulations are listed in table 4.11.
Unfortunately, the values of many of those parameters are uncertain, so some estimation
is unavoidable. The core numerical aperture is estimated as 0.08 and, fortunately, any
uncertainty concerning it does not have a major effect on the results since the shape of
the fundamental mode depends only weakly on NA at large core diameters. Dispersion
values have not been measured (and would in fact be difficult to measure locally at each
point of the taper), so the PM980 values are again used, representing the worst case
scenario. Nonlinear effective area and the coefficient v are computed based on the fiber’'s
geometry and should be fairly realistic. These parameters are not constant but vary
along the length of the taper together with the increasing core size. The fundamental
mode shape was calculated at each point in the taper and then used to compute the
nonlinear effective area and ~. The maximum and minimum values of those parameters
are included in table 4.11, corresponding to the input and output ends of the fiber (the
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effective area is at its largest at the output resulting in the minimum value for +). Since the
absorption and emission spectra for the core material are not available, generic spectra
from [70] have been used instead. The doping concentration has then been scaled to
6.7 - 10%° 1/m3 to match the experimentally measured core absorption of 700dBm~" at
976 nm at the narrow side of the taper. Not knowing the exact emission cross sections at
the signal wavelengths does not prevent obtaining meaningful results in this case since
gain in double-clad active fibers is normally limited by the rate of pump absorption and
not by the rate of stimulated emission.

In an identical way to the preamplifiers, the taper is first modelled using CW rate equations
to obtain the ion excitation. This time, though, it is not possible to vary the fiber length
so it is kept fixed. The taper is backward pumped with a wavelength-stabilized multimode
976 nm laser diode. The first simulation uses a pump power of 100 W. Additionally, a
pump coupling loss of 10 % is included, caused mostly be Fresnel reflections at the ends
of the pump fiber and the taper, neither of which is assumed to have an AR coated end
cap at this power level.

Since the pump beam propagates in the cladding, it only partly overlaps with the ions in
the core. The simulation uses the simplest possible approximation that the overlap inte-
gral between the pump and the ions equals the ratio of core and cladding cross sectional
areas. This implies perfect mode mixing in the cladding due to the Panda stress rods.
Experimentally, this is not exactly true and there would be some cladding modes that do
not overlap with the core and consequently the pump power in those modes would propa-
gate through the taper unabsorbed. Handling the cladding modes in greater detail would
likely have a noticeable effect but the effort would have been too large to include such
simulations in this thesis. For each signal and ASE channel propagating in the core, the
rate equation simulation calculates the correct Bessel mode shape and overlap integral
at each point in the taper. The vignetting effect, i.e. pump leaking out as it propagates
towards the narrow part of the taper, is modelled after [71] but finer details, such as the
effect of the NA of the pump radiation coupled into the taper, are not considered.

The signal average power going into the taper is directly the 42.8 MW generated by the
second preamplifier. A single signal channel is used in the rate equation model like in the
preamplifiers but due to the earlier gain narrowing of the spectrum the signal wavelength
is calculated as the "center of mass" of the pulse’s spectrum, which is 1039.6 nm instead
of 1040 nm. Single-mode ASE is modelled with 50 channels at equidistant wavelengths
going both backward and forward at 1000-1100 nm. Since the thick end of the taper is
highly multimode, it can support multimode ASE, and more of the fiber's spontaneous
emission captured by the core than in a single-mode fiber, proportional to the number
of guided modes. On the other hand, this ASE would mostly leak out of the core when
propagating towards the narrow side, having only a limited negative impact on the taper’s
conversion efficiency. For the sake of simplicity, multimode ASE has been excluded from
the rate equation simulations. Experimentally, ASE has not been a problem at input
power levels of >10mW. The results of the first simulation with the parameters and
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Figure 4.22. Optical power evolution and ion excitation in the tapered active fiber at
42.8 mW input signal and 100 W pump power (before 10 % coupling loss).

caveats described above are shown in fig. 4.22.

The signal experiences of total gain of 32.4dB resulting in an output power of 73.8 W
before the Fresnel reflection at the taper’s end face and 70.9 W in free space. Practically
all pump power has been either absorbed or vignetted out when it reaches the input
part of the taper, which is not entirely realistic as clarified above. Due to the limited rate
of pump absorption in the double-clad fiber, the ion excitation stays relatively low and
even over the whole length of the fiber. The good saturation of the taper also results
in single-mode ASE power remaining orders of magnitude lower than the pulsed signal
at the output. Consequently, ASE channels are excluded from the rest of the taper rate
equation simulations for computational speed.

Next, the tapered fiber amplifier was simulated at different pump powers to obtain its
slope efficiency. The result is shown in fig. 4.23. The signal powers include the 4 % loss
due to Fresnel reflection at the end of the taper while the collimation lens and the dichroic
mirror are assumed to be lossless. The obtained curve is very much linear and the slope
efficiency is 75.2 %, which is only slightly higher than the experimentally measured 71.4 %
for this taper. A more accurate handling of the pump beam absorption in the taper (= less
pump absorbed) would possibly bring the two numbers into an even better agreement.

To compute the gain in the taper for the GNLSE simulation at 100 W pump power, the
ion excitation from fig. 4.22 was taken and the net gain calculated in the same way as for
the preamplifiers. The wavelength dependence of the overlap integral was excluded by
using the 1040 nm values, which varied from 0.917 at the narrow end to 0.996 at the wide
end. When the core is this large, it would be more accurate to divide it transversally into
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Figure 4.23. The slope efficiency of the tapered fiber amplifier was 75.2 % at 42.8 mW
input signal assuming a 10 % pump coupling loss and 4 % Fresnel reflection loss for the
signal.

multiple concentric rings and handle the ion populations in them separately because the
fundamental mode’s irradiance (and consequently ability to cause stimulated emission)
varies greatly from the center of the core than to the edges. This is not difficult feature
to add in principle but was left out to limit the complexity of the numerical algorithm. The
gain distribution is depicted as a contour plot in fig. 4.24.

Since the excitation in the tapered fiber is much lower than in the preamplifiers, gain
maximum is shifted to longer wavelengths of approximately 1040 nm to 1060 nm. At
1030 nm, the first about 75 cm of the fiber actually absorbs the signal with 1040 nm also
experiencing minor absorption at the start of the taper even at this relatively high pump
power of 100 W. This gain distribution is positive news for the considered pulse, however,
since the pulse’s spectrum previously suffered gain narrowing in opposite direction in the
preamplifiers. We can expect the gain tilt in the taper to compensate for at least part of
the earlier gain narrowing.

Using the precomputed gain, the pulse was next propagated through the taper with the
GNLSE model. The result is shown in fig. 4.25. Itis evident that part of the gain narrowing
has been reversed as the sharp peak has lost in power compared to the rest of the
pulse. However, even clearer is that the pulse has suffered from excessive SPM causing
the irregular spikes in its spectrum. The accumulated nonlinear phase is masked in
the phase plot by the background of massive dispersion from the stretcher but we can
expect the compression of this pulse with the grating pair to be difficult, even though
the stretched pulse shape is still mostly unchanged. In fact, the simulation shows that
the pulse accumulates a total B integral of 17.9rad in the taper. The parameters of the
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Figure 4.24. Gain at different wavelengths and positions in the tapered fiber amplifier
under 100 W pumping and 42.8 mW, 1039.6 nm input signal.
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Figure 4.25. Pulse shape and spectrum after the tapered fiber amplifier assuming 42.8 nJ
input pulse energy and 100 W pumping.
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Table 4.12. Parameters of the simulated pulse after the tapered power amplifier.

Energy: 67.4ud
Peak power: 163 kW
Time duration (FWHM): 491 ps
Spectral width (FWHM):  4.79nm
Time-bandwidth product: 652

amplified pulse are listed in fig. 4.25 for easy reference.

The average power found by multiplying the pulse energy by the repetition rate is 67.4 W
and deviates somewhat from the rate equation simulation result of 70.9 W. However, the
deviation affects the pulse energy only by a few percent so it can be deemed acceptable.
With stronger self-phase modulation, we would expect this deviation to become larger.
Here, even though SPM has modified the spectrum, the newly generated frequencies
are still within the original bandwidth not very far from 1040 nm, which justifies using
the gain values from the rate equation simulation. Using a larger number of channels
corresponding to the pulse’s different spectral components in the rate equation simulation
might additionally improve the agreement of the two power values.

4.1.7 Compressor

The amplified pulse finally arrives at the last element of the CPA system, which is a free-
space grating pair compressor in Treacy configuration. The modelled fused silica trans-
mission gratings are from Lightsmyth with the parameters listed in table 4.13. Their de-
sign wavelength is 1030 nm, but their specified diffraction efficiency variation with wave-
length confirms that they are usable at 1040 nm too.

Table 4.13. Parameters of the transmission gratings in the Treacy compressor.

Line density: 1739.13mm™"
Diffraction efficiency at 1040nm: 94 %
Littrow angle at 1040 nm: 64.74°

The grating pair is modelled as a combination of lumped loss and second and third order
dispersion similarly to the stretcher. The total transmission is 78.1 % after the four passes
through a grating. The mirrors in the compressor are assumed to be perfecily reflective.
The variation of diffraction efficiency with wavelength is weak and the spectrum is narrow
so the efficiency is assumed to be constant over the pulse spectrum. Similarly, the inci-
dence angle is assumed to be tunable by +3° around the Littrow angle without affecting
the diffraction efficiency. A more accurate model would include the variation of the grat-
ings’ efficiency but that would also require measuring or perhaps simulating the gratings
themselves to find the necessary parameters. The grating size also matters since the
pulse’s spectrum would be clipped if the second grating were too small to accommodate
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Figure 4.26. The pulse shape and spectrum after the optimized grating compressor.

the spatially chirped beam. In this case, large enough gratings have been chosen, and
spectral clipping is not considered further. It must be noted that spectral clipping could
also have a beneficial effect if the edges of the spectrum were difficult to compress in
which case simply filtering them out would be preferable.

The grating compressor has two independently tunable parameters: the distance be-
tween the gratings and the incidence angle. The compressor is numerically optimized
by tuning both of them until the maximum peak power for the compressed pulse has
been found. In practice, the optimization task is given to a global optimizer algorithm
(scipy.optimize.basinhopping in Python) since there are multiple local maxima due to the
complex shape of the pulse and its phase. Peak power has been chosen as the figure
of merit because it is straightforward to compute and gives a good indication of the CPA
system’s performance. Pulse duration would be a poor choice as the optimization target
since there is no single always applicable measure of pulse width. Probably some kind
of flatness measure of the spectral phase would work but that would be more difficult to
interpret than peak power.

In the case of the pulse after the taper in fig. 4.25, the optimization results in an angle
of incidence of 67.18° and a grating separation of 55.5¢cm, which translates to 5, =
-67.9ps? and B3 = 0.959pss. The pulse after this optimized compressor is shown in
fig. 4.26 and its parameters are listed in table 4.14.

It is clear that the pulse has been compressed poorly. In time domain, there is a sharp
peak reaching to 27.4 MW peak power but most of the energy resides in side pulses dis-
tributed within a time window of roughly 15ps in duration. The FWHM pulse duration
and time-bandwidth product presented in the table do not therefore properly reflect reality
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Table 4.14. Parameters of the simulated pulse after the optimized compressor.

Energy: 52.6 uJ
Peak power: 27.4 MW
Time duration (FWHM):  0.63ps
Spectral width (FWHM):  4.79nm
Time-bandwidth product: 0.84

since they fail to take the side pulses into account. The earlier section already noted that
the nonlinear phase accumulated in the taper would be problematic so the poor com-
pression is not particularly surprising. In fact, looking at the spectral phase of the pulse
gives a clear indication that the nonlinear phase is the problem. The uncompensated
spectral phase follows quite closely the pulse shape of the input signal, and the stretched
pulse in time domain pulse is nearly a one-to-one mapping of the spectrum in this kind
of CPA system with strong stretcher dispersion. The fact that the uncompensated nonlin-
ear phase matches the pulse shape also gives a hint that the nonlinear phase of a less
irregular seed spectrum/pulse would be more easily compensated for in the compressor.
As this poor compressibility is a disappointing result, the rest of this chapter will look into
ways to optimize the CPA system for improved operation.

4.2 Performance optimization of the CPA system

In the previous section, the model of the CPA system was covered in detail fiber-by-fiber
and component-by-component, including the parameters, assumptions and limitations
associated with the simulating each of them. With the complete model, it is now possible
to tune some parameters, propagate the pulse through the whole amplifier chain and
observe the changes in the compressed output pulse. The purpose of this section is to
do just that. Three scenarios will be tested. The first is to tune the pump currents in the
second preamplifier and the tapered amplifier. Lower pump currents should self-evidently
mitigate nonlinearity and lead to better compressibility of the pulse at the expense of a
lower pulse energy, but the effect should be quantified. The second test involves varying
the dispersion of the stretcher CFBG within its tuning rage. The third is to consider a
different seed laser altogether; one that generates ideal Gaussian pulses with the same
spectral width as the original experimental seed used so far. In this section’s simulations,
the CPA system described earlier is assumed to be unchanged. In other words, the fiber
lengths are not reoptimized for each different signal power but the ion excitations and
gains in the active fibers are recalculated for each new signal or pump power. Similarly,
the compressor’s incidence angle and grating separation are reoptimized for each pulse
separately.
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Figure 4.27. Output average and peak powers as a function of pump power in the power
amplifier, including a comparison with two different seed powers going into the tapered
amplifier.

4.2.1 Pump power tuning

Pump powers are the easiest aspect to change, especially to lower, in an existing fiber
laser system. The hypothesis is that dropping the seed pulse energy decreases non-
linearity in the taper by shifting amplification more towards the wide end while incurring
only a minor loss in slope efficiency. On the other hand, reducing pump power going
into the tapered power amplifier has no real prospect of increasing peak power because
the output pulse energy also drops as a consequence. However, it makes sense to try
to understand how the compressibility of the pulses deteriorates as a function of pump
power in the power amplifier. To examine these issues, a set of simulations was per-
formed at pump powers ranging from 20 W to 100 W for the taper and at two different
seed pulse energies of 42.8 nd (original) and 15.5nJ (lowered) corresponding to 300 mW
and 200 mW pump powers in the second preamplifier. The results are shown in fig. 4.27.

Irrespective of the seed pulse energy, the average powers grow linearly and at very similar
rates when the multimode pump power is raised from 20 W to 100 W, the slope efficiency
matching the one calculated in fig. 4.23. This means that reducing the seed pulse energy
does not indeed lead to a notable reduction of power conversion efficiency and the lower
seed pulse energy can be used equally well.

The peak powers tell a more interesting story. In the beginning, they also grow linearly
in step with the average powers but this behavior comes to an end at 60 W pumping.
After that, the growth in peak power flatlines meaning that additional pumping no longer
increases the achievable peak power. In other words, the results suggest that the pulses
stay reasonably compressible until 60 W pumping but any additional pulse energy beyond
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that ends up in the side or satellite pulses after compression. Figure 4.28 shows the result
with the best peak power 28.7 MW at 15.5nJ seed pulse energy and 100 W pumping.
Comparing it to the full seed power simulation result in fig. 4.26 shows that the side pulses
have marginally different shapes but still contain most of the power in time domain, and
the 5% increase in peak power over the earlier result is almost negligible.
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Figure 4.28. The simulated pulse after the compressor with 15.5nJ seed energy and
100 W taper pumping.

In practice, amplifying the side pulses would be wasteful, and the laser should be op-
erated at 60 W pump power instead where the pulse is much more compressible. That
pulse after the compressor is shown in fig. 4.29. Its peak power is almost as high as
before at 24.5 MW despite the roughly 23 pJ lower pulse energy (29.5 pud vs. 52 pd) since
the side pulses have been greatly reduced. However, the pulse still accumulates a B-
integral of 8.9 rad during propagation in the taper, which is visible in the uncompensated
nonlinear spectral phase, which has the same shape but lower magnitude compared to
fig. 4.28 and the still evident side pulses.

The most important conclusion from these simulations is that reducing seed pulse en-
ergy does not materially affect the power conversion efficiency in the tapered amplifier
but is simultaneously unlikely to improve the compressibility of the output pulses. Speak-
ing from experimental experience, the simulations suggests that SPM works differently to
stimulated Raman scattering in this regard. SRS normally represents the main limitation
to scaling pulse energy in tapered amplifiers when compressibility is not considered. To
reduce SRS generation in those cases, a lower seed pulse energy has a moderate posi-
tive influence. Since any Raman signal generated in the narrow part of the taper has the
whole length of the taper to grow further exponentially, avoiding high peak powers at the
narrow side is beneficial in reducing Raman. However, the same does not appear to hold
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Figure 4.29. The simulated pulse after the compressor with 15.5nJ seed energy and
60 W taper pumping.

for self-phase modulation. At modest pump powers, there is no difference in the achiev-
able peak power between the 15.5nd and 42.8 nJ seed pulse energies and at >60 W
pump power, the difference is still very minimal in favor of the lower seed energy. Physi-
cally, this simulation result makes sense since the pulse accumulates most of its nonlinear
phase at the end of the taper where the peak power is at its highest and approximately
independent of the seed pulse energy. The narrow part, where the pulse energies still
differ, has only very limited significance for SPM unlike for Raman generation.

Even though no clear improvement in peak power was obtained based on these simula-
tions, they show that the pulse can be made more compressible at the expense of greatly
reduced pulse energy. In total, these results should mostly be considered as finding a
better operation point for the CPA system rather than as an actual enhancement in its
optical output.

4.2.2 Stretcher dispersion tuning

The next issue investigated with the full system model was tuning the stretcher’s dis-
persion. Both (8, and 5 can be tuned and their tuning ranges are 7.0ps® and 1.8 ps®,
respectively. Restricted by the computational load, the simulations first tuned g5 to its
optimum and then did the same for 83 while keeping 2 constant instead of optimizing
both simultaneously. The results will show, though, that the resulting output peak power
behaves smoothly when the dispersion is tuned so we can be relatively certain of finding
the overall optimum. The 15.5nJ seed pulse energy is used in these simulations based
on its narrow advantage in the previous section. Pump power is set at 100 W since we
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Figure 4.30. The output peak power at 15.5nJ seed pulse energy and 100 W taper
pumping as a function of the stretcher’s second order dispersion tuning.

would like to determine if reduced or increased dispersion in the stretcher can alleviate
the problems with nonlinear phase at full power operation.

The results from varying the stretcher’s second order dispersion are shown in fig. 4.30.
The output pulse’s peak power varies only weakly with 85, and the relation is an unsurpris-
ing one: adding more positive dispersion leads to a higher peak power. Added positive
second order dispersion means simply stretching the pulse more and reducing nonlinear-
ity in the amplifiers, but the effect is weak with the additional dispersion being only about
5 % of the stretcher’s overall dispersion. The increase in peak power with larger stretching
also indicates that the compressor can easily compensate for the additional second order
dispersion, and fine tuning the stretcher’s 5, cannot alleviate the problem with nonlinear
phase. The resulting optimal pulse with the maximum 3.5 ps? second order dispersion
setting is shown in fig. 4.31. The peak power has risen a little to 29.9 MW but the pulse
shape is still almost identical to the case without stretcher tuning in fig. 4.28.

This tuning test shows that compensating for second order dispersion does not constitute
a problem for the CPA system. That being the expected result, the test also contributes
to validating that the simulations describe the laser system in a sensible way. When
building the laser system in reality, the 3, tunability will be a real boon by compensating
for small errors in the compressor optimization, which is trickier to do in practice than in
simulations.

With the stretcher’s s fixed at its maximum value (giving the highest peak power), the
next task is to optimize the third order dispersion. The outcome of this test is less clear
but it makes sense to expect the previously presented pulses to contain some uncom-
pensated third order dispersion component. In fact, this can be shown to be the case by
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Figure 4.31. The simulated pulse after the compressor with 15.5nJ seed energy, 100 W
taper pumping and 3.5 ps® additional stretcher dispersion.

fitting a polynomial to the spectral phase curve, but the details of those calculations have
been omitted for simplicity and the results of the tuning simulations are presented directly
in fig. 4.32.

The relationship between peak power and dispersion tuning resembles again linear but
the peak power changes more rapidly than in the > optimization. Clearly, the additional
negative third order dispersion in the stretcher better pre-compensates for the positive
third order dispersion in the fibers and the compressor (and possibly partly for the SPM
phase), leading to higher peak powers after compression. Since third order dispersion
has a subtler effect than second order dispersion, which stretches the pulse in proportion
to the applied dispersion, one would expect to find an optimal g3 value after which ad-
ditional negative 3 would reduce peak power. The stretcher’s tuning range considered
here does not appear to extend far enough to reach that optimum. When building the CPA
system in the real world, it is worth considering if additional negative /35 can be introduced
somehow.

The optimal pulse after tuning third order dispersion by —0.9 ps® is shown in fig. 4.33
and its peak power is 34.0 MW. The pulse’s spectrum looks identical to the previous
ones, which is unsurprising since fine-tuning should not affect it significantly. However,
the sharp peak in the spectral phase has now been compensated and the compressed
pulse shape has more of its power in the main peak than before.

Despite the sizeable improvement, this result is far from satisfactory and would remain
so even with more negative (53 due to the complex shape of the nonlinear phase. When
running this laser system in practice, the power amplifier's pump diode should be run
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at clearly below 100 W to avoid side pulses. Based on the pump tuning results, 60 W
pump power might be about the maximum, which would mean an output pulse energy
of only about 30 pJ after the compressor’s losses. More drastic changes could be made
as well, including changing the tapered fiber to another one with better absorption and
shorter length, which would reduce the nonlinear phase accumulated by the pulse by
some degree. However, based on the fact that the nonlinear phase follows the pulse
shape which, coming from the experimental seed laser, is rather irregular, it makes sense
to consider whether a more symmetric pulse would tolerate a similar or larger nonlinear
phase shift while remaining compressible.

4.2.3 Gaussian seed pulse

This section investigates the effect of using an idealized seed laser in the CPA system
instead of the experimental one with an irregular spectrum. Specifically, the seed pulse
is assumed to have a Gaussian shape with the same 5.4 nm spectral FWHM as the
original seed pulse. Starting with a transform-limited Gaussian, the simulation then adds
the same initial chirp that was added to the original seed pulse as mentioned in fig. 4.2
and sets the pulse energy at the same value. The equal spectral widths ensure that
the pulses have similar durations after stretching and receive similar amplification in the
fiber amplifiers. The Gaussian pulse has more spectral power outside its FWHM than
the experimental seed pulse and is consequently stretched slightly more but all in all the
main difference between the two seeds is only the spectral shape.

The Gaussian pulse was then propagated numerically through the exact same CPA sys-
tem whose fiber lengths were those optimized for the original seed pulse. Figure 4.34
shows the results of a set of simulations with 200 mW pumping in the second preampli-
fier, 20 - 100 W pumping in the tapered power amplifier and zero tuning at the stretcher.
Figure 4.34 is therefore directly comparable to the lower seed power data in fig. 4.27.

Where before the growth in the compressed pulse’s peak power stalled at 60 W pump
power, the Gaussian seed laser allows the peak power to increase linearly in proportion
to the average power in the whole simulation range of pump powers, reaching 103 MW
peak power and 52 uJ pulse energy at 100 W pumping. This is a clear indication that the
seed’s spectral shape has a major effect in the designed CPA system and, specifically,
that a smooth, regular spectral shape is superior to an irregular one.

The temporal FWHM of the highest energy pulse, shown in fig. 4.35, is 480 fs. The pulse’s
time-bandwidth product is approx. 1.5 times the theoretical value for a transform-limited
Gaussian so the compression, while not perfect, is vastly improved from the results with
the experimental seed. The absence of notable side pulses confirms that increased pump
power directly raises the generated peak power, and the calculated pulse width matches
the time window that contains most of the pulse’s energy. The spectral amplitudes in
fig. 4.35 show no clear distortion by SPM yet. The figure does show, however, that the
spectrum is not a perfect Gaussian since its edges were clipped at the stretcher. This ad-
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Figure 4.34. Output average powers (squares) and peak powers (triangles) as a function
of pump power in the power amplifier using a Gaussian seed pulse.
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Figure 4.36. The total B-integral accumulated in the CPA system when using the original
experimental seed and the ideal Gaussian seed. The second preamplifier was pumped
at 200 mW and the tapered amplifier's pump power was varied.

ditional loss means that seed pulse energy going into the tapered fiber is 13.4 nJ, slightly
lower than the original seed could generate without spectral clipping. However, sec-
tion 4.2.1 already established that minor variations in seed power have very limited effect
on the slope efficiency and the output parameters. The Gaussian pulse’s uncompensated
residual spectral phase has a much smoother shape and is smaller in magnitude com-
pared to, for example, fig. 4.30, and therefore stretcher tuning might allow some further
improvement in compression efficiency, but that is left out of consideration for simplicity.

In addition to accumulating a smoother, easier to compensate nonlinear phase profile
than the original pulse, the Gaussian pulse also benefits from a lower total nonlinearity.
The reason for this is that the Gaussian pulse’s power is more evenly distributed in time
domain after stretching, so its peak power remains always lower at any point in the am-
plifier chain compared to the irregularly shaped pulses. The difference is quantified in
fig. 4.36, which shows how the accumulated B-integral grows for both the original pulse
and the Gaussian pulse in the CPA system as the tapered amplifier's pump power is
raised. The figure includes the contributions of the second preampilifier, which is constant
with pump power fixed at 200 mW, and the taper whose contribution varies with pumping.
The Gaussian pulse always experiences an overall lower B-integral and the B-integral’'s
rate of growth is also less rapid than for the original seed pulse. The absolute B-integral
difference between the different seed reaches 5.5rad at 100 W pump power where the
Gaussian pulse accumulates a B-integral of 12.4 rad and the original seed pulse 17.9rad.

In total, the simulations with the Gaussian seed pulse implicate the original seed laser as
the main limiting factor in the CPA system design. Switching to a seed laser resembling
the Gaussian seed would allow generating >50 pJ sub-picosecond pulses with minimal
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distortion and changing seeds would be much more practical than drastically increasing
the stretched pulse duration or the effective mode area in the tapered amplifier.
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5 CONCLUSION

In summary, this thesis has demonstrated three main results. The first notable result is
the experimentally built and optimized SESAM mode-locked PM fiber laser at 1040 nm.
Second, a numerical model was developed for simulating ultrashort pulse propagation
in active and passive fibers, fiber-coupled components and especially in tapered double-
clad active fiber. Third, this thesis has described a high-power chirped pulse amplification
system design based on a fiber Bragg grating stretcher, a tapered fiber power amplifier
and a diffraction grating compressor.

While the seed laser’s operation originally seemed adequate in terms of spectral width
and center wavelength, numerically simulating the whole CPA system revealed that the
seed pulses’ irregular spectral shape is incompatible with stretching followed by self-
phase modulation in the CPA system because the stretched pulse shape mirrors the
spectral shape and accumulates irregular nonlinear phase that cannot be compensated
by the compressor. Therefore, the seed laser must be improved further before actually
building the rest of the CPA setup experimentally. If the future seed is still based on
SESAM mode-locking and fiber-based Lyot filtering, also the packaging of those compo-
nents must be carefully considered to ensure stable operation.

On the more positive side, the experimental seed’s output power was found to be easily
sufficient for the two-preamplifier design, with even the elimination of one preamplifier
being a realistic prospect. Many ultrafast fiber lasers operate around 1030 nm but, in
this scheme, the seed wavelength was consciously chosen to be longer at 1040 nm to
better match the tapered amplifier's gain maximum based on practical experience. The
simulations justify this decision since even the chosen 1040 nm seed spectrum suffered
from gain narrowing in the tapered amplifier. A 1030 nm seed spectrum would have
narrowed severely causing the stretched pulse to shorten with an accompanying rise in
B-integral.

Fortunately for the chosen seed wavelength, opposite side gain narrowing in the power
amplifier and the preamplifiers balanced each other out resulting in an output spectrum
that was rather close to the seed spectrum except for the SPM-induced ripples. This,
however, was a coincidence instead of a conscious design choice. Therefore, the nu-
merical model has exposed both a potential problem but also its potential solution at the
same time. In the future, especially if a seed with a broader bandwidth will be used in
the real CPA system, gain narrowing compensation using suitable preamplifiers must be
considered at the design stage along with the option to move to an even longer wave-
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length of perhaps 1045 nm to 1050 nm, where the taper’s gain is both higher and flatter
with respect to wavelength.

The modelling presented in this thesis included two almost separate parts, the rate equa-
tion model for amplification in active fibers and the generalized Schrédinger equation
model for ultrafast pulse propagation. The rate equation modelling software, except for
the parts related to tapered fibers, has been made available online as the open source
Python library PyFiberAmp [72], which has already attracted several users from around
the world who have been able to benefit from the work presented here.

A few limitations of the rate equation model became evident during this study, specifically,
in the context of tapered fiber amplifier modelling. First, the simple rate equation model
exaggerates multimode pump absorption in the tapered fiber, which should be handled
more accurately by using a field-based approach, such as the beam propagation method
[73]. The current simplified model also fails to take into account the numerical aperture of
the launched pump beam and its effect on vignetting. A second major improvement would
be to include multimode ASE generated at the thick end of the taper in the model, but this
requires implementing a mode solver first to calculate the possible guided ASE modes.
Additionally, the reliability of the modelling results would be improved by measuring exact
gain and absorption spectra for the tapered fiber’'s core material for use in the simulations.

The GNLSE ultrafast pulse modelling algorithm was directly based on existing Matlab
code from [42] and only had to be translated into Python and extended with tapered ac-
tive fiber handling capability. The algorithm is rather complete for its originally intended
application of supercontinuum simulation and covers physical effects that were not sig-
nificant for the CPA system in this thesis, such as self-steepening and stimulated Raman
scattering. At the same time, the algorithm has deficiencies related to modelling fiber
amplifiers. Especially relevant would be to add proper noise simulation, including ASE
noise and spontaneous Raman scattering, which would then seed SRS, in order to find
the SRS threshold of any simulated tapered fiber amplifier. The code’s execution speed
also requires optimization to enable efficient exploration of different parameters of the
CPA system in a reasonable time. Lastly, the rate equation and ultrafast models should
be integrated more tightly, like done in [74, 75] to account for situations where gain sat-
uration or nonlinear spectral broadening play a role. The improved software might be
added to PyFiberAmp in the future.

The CPA system design itself was demonstrated to work reasonably well with the main
obstacle being the experimental seed laser. With Gaussian seed pulses, the simulations
predicted that at least 52 uJ, 480 fs output pulses should be possible with this design with
1 MHz repetition rate meaning 52 W average output power. Based on experiments with
higher average power tapered fiber amplifiers, the repetition rate could be multiplied to
yield 100 to 200 W of average output power without major changes to the design. The
second preamplifier should simply be made more powerful to reach an equivalently higher
seed power going into the power amplifier.
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In terms of nonlinearity, the preamplifier chain generated only negligible nonlinear phase
shift with the single-mode LMA fiber used in the second preamplifier, so basically all the
harmful nonlinearity was accumulated in the taper. An older generation tapered fiber was
used in the simulations because of existing experimental data for that taper. However,
newer generation tapers are shorter and have better longitudinal profiles, which should
reduce B-integral compared to the obtained results. The stretcher’s tunability was also
found to be of modest help for improving pulse compression, though its main purpose
in the experimental work will be to counteract imprecise alignment of the compressor.
Furthermore, when finalizing this thesis, | became aware of a recent paper [76], which
reports a lower value for the nonlinear refractive index than was used in the simulations,
2.19-102°m2W-" at 1030 nm compared to 2.5- 10722 m? W-"! at 1040 nm. Therefore,
it is possible that the numerical model slightly overestimated the nonlinear phase shift
accumulated in the tapered fiber.

The results of this thesis can guide future work on the CPA system in several ways. Most
importantly, they show that the seed laser must be sent back to the drawing board with
the aim of generating a smoother spectral shape that is better compressible after expe-
riencing SPM. Second, gain narrowing should be considered more carefully, especially
if the new seed’s center wavelength or spectral width will be different. Meanwhile, the
numerical model can be used to experiment with alternative stretched pulse durations
and repetition rates to optimize the design further. In return, building the CPA system in
the laboratory will enable direct comparison between the simulation and the experiment
allowing the model to be refined to better match the real world.
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A GNLSE SIMULATION CODE

Program A.1. This Python code is an implementation of the fourth order Runge Kutta in
the interaction picture method integration algorithm with conserved quantity error method
stepper used in this thesis for solving the generalized nonlinear Schrédinger equation.
The code has been translated into Python from the original Matlab code available on
[42]. Active and tapered fiber handling as well as dense output capability have been
added afterwards by the author.

import numpy as np
from scipy.fftpack import fft, ifft, fftshift

def gnlse_dense_active (Aw, hr, fr, dt,

dense_z, w0, betas,

alpha_func, gamma_func,

dz=1e-7, tol=1e—-6):
This function solves the generalized nonlinear Schrddinger
equation using the conserved quantity error method with
the nonlinear part integrated in frequency domain.
Suitable for nonuniform active fibers.
Modified to Python from A. Rieznik’s Matlab code on
http://www.freeopticsproject.org/

Parameters:

Aw: Frequency domain amplitudes describing the startin pulse
(numpy complex array)
hr: time domain Raman response function of the fiber
(numpy float array)
fr: Raman contribution parameter
(float, 0-1)
dt: simulation time grid resolution
(float)
dense_z: positions in the fiber where output is required

(sorted float array or list)
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wO0: carrier angular frequency
(float)
betas: Taylor coefficiencts of the propagation constant
starting form second order dispersion
(1list of floats)
alpha_func: function that takes position z as input
and returns an array containing net gain
at all the spectral bins
(function)
gamma_func: function that takes position z as input
and returns an array containing
the nonlinear parameter gamma
at all the spectral bimns
(function)
dz: initial spatial step size
(float)
tol: relative local error tolerance
(float)

Returns:

At: time domain complex amplitudes at locations
set by dense_z
(numpy complex array)

n_it: number of iterations performed

(int)

N = Aw.size
Aw_dense_out = np.zeros((len(dense_z), N), dtype=complex)
w_diff 2«np.pi/(N=dt)«np.arange(—N/2, N/2)
w_diff fftshift (w_diff)
w = w_diff + w0
hrw = fft (hr)
d=20
for i, beta in enumerate(betas):
d += —1j~betarw_diff+x«(i+2) / np.math.factorial (i+2)

def NA(A):
return fft (A«((1—fr)=np.abs(A)*+2)
+ fr=dt«A«ifft (hrw=fft (np.abs(A)*+2)))
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71 def photon_number (A w):

72 return np.sum(np.abs(A w)*+2 / w)

73

74 z curr =0

75 n_it =0

76 for idx, z_target in enumerate(dense_z):

77 add_output = False

78 while z_curr < z_target:

79 if (z_curr + dz) > z_target:

80 # Save suggested step size, which can be reused
81 # for the step after this one

82 dz_prev = dz

83 dz = z_target — z_curr

84 add_output = True

85 D = —alpha_func(z_curr) / 2 + d

86 K=—-dz » 1] « gamma_func(z_curr)«(w/wO0)

87

88 # save starting point for the case that the step fails
89 Aw0 = Aw

90 exp_D = np.exp(D * dz/2)

91 Aw_ip = exp_D *« Aw

92 ki = exp_D » K«NA(ifft (Aw))

93 k2 = K«NA(ifft (Aw_ip + k1/2))

94 k3 = K«NA(ifft (Aw_ip + k2/2))

95 k4 = K«NA(ifft (exp_D = (Aw_ip + k3)))

96 Aw = exp_D « (Aw_ip + k1/6 + k2/3 + k3/3) + k4/6
97

98 n_photons_start = photon_number(AwO«np.exp(D » dz))
99 n_photons_end = photon_number (Aw)

100 error = (np.abs(n_photons_end — n_photons_start)
101 / n_photons_start)

102 Z_curr += dz

103 if error > 2 « tol: # step failed

104 Z_curr —= dz

105 dz /= 2

106 Aw = Aw0

107 continue

108 elif error > tol:

109 dz /= 2+x0.2

110 elif error < 0.1 » tol:

111 dz «= 2+x0.2

112
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114
115
116
117
118

return

n_it += 1
if add_output:

Aw_dense_out[idx, :] = Aw

dz = dz_prev

ifft (Aw_dense_out,

axis=1),

n_

it
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